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Abstract 

Hydroelectric power plants are experiencing huge revenue losses due to the failure of various 

components caused by cavitation erosion wear. The turbine is the primary components of any 

hydroelectric power plant and it fails catastrophically due to severe damage caused by 

cavitation erosion wear. The some of the well-established/ ongoing developments in the 

advanced surface engineering techniques have provided an effective solution to enhance the 

cavitation erosion resistance for the cavitation prone components. However, the improvement 

in wear resistance of the functional surfaces through coating/cladding with suitable overlaying 

material would be one of the most straightforward and economical solution. The conventional 

coating/cladding processes have many drawbacks such as excessive substrate deformation, 

high porosity, lower deposition efficiency, weak adhesion strength, poor fracture toughness, 

higher costs, and production of toxic gasses. Therefore, the coating/cladding by a novel 

method, that can overcome the drawbacks of existing methods, is needed. Microwave cladding 

process has the potential to overcome the maximum limitations of the conventional surface 

processing techniques.  

  Hence, in the present study, the microwave processed composite clads of Ni-based 

(EWAC) as matrix material with variable weight percentage of reinforcements such as Cr3C2, 

WC10Co2Ni and Al2O3 on SS-316 substrate were developed. For this purpose, a domestic 

microwave oven with 2.45 GHz frequency and variable power from 180 W to 900 W was used. 

The charcoal powder was used as susceptor material. The percentage of reinforcements were 

varied from 0-30% (by wt%) for Cr3C2 and WC10Co2Ni with an increase of 10% step; and 0-

15% (by wt%) for Al2O3with an increase of 5% step. The cladding process parameters such as 

microwave power and exposure time influences the quality of clads. Therefore, prior to the 

development of the clads the parameters for defect free and good metallurgical bonded clads 

were optimized. 
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The prepared clads were examined for microstructure, phase quality and quantity, porosity, 

microhardness, flexural strength (bonding strength) and cavitation erosion resistance at 

different parametric conditions. The probe sonicator-vibratory ultrasonic apparatus was used 

for indirect acoustic cavitation erosion testing. 

 The optimization of process parameters revealed that an increase in power level 

significantly decreases the required processing time. The minimum exposure microwave power 

900 W is required to melt the powder material system and partial amount of substrate material 

to cause the dilution for development of metallurgical bonded clads. The processing time 

required for the metallurgical bonded clads varies from 390 s to 590 s, for metallurgical 

characterization specimens, for different ceramic/cermets based composites. The least 

processing time of 390 s for Ni based-30Cr3C2 and highest processing time of 590 s for Ni 

based-15Al2O3 were required. Similarly, for the same compositions, the processing time 

required for tribological characterization specimens was 700 s and 790 s; and for flexural 

studies specimens was varied from 1200 s and 1445 s. The microstructure analysis reveals that 

all the developed composite clads are almost free from all types of cracks (interfacial and 

solidification cracks) and the potential of the process for clads thickness varies from 520 µm 

to 1090 µm. The highest and least thickness was achieved for Ni based-15Al2O3 and Ni based-

10 WC10Co2Ni clads, respectively. The results of porosity analysis show that the developed 

composite clads possess significantly less porosity as compared to conventionally used 

cladding/coatings processes. The XRD analysis confirms the presence of Cr2Ni3, Cr23C6, 

Cr7C3, CrSi, CrSi2, SiO2, NiC, SiC, Cr3Ni2SiC phases in the Ni-based and Cr3C2 reinforced 

composite clads; and phases NiCo2O4, Ni2W4C, Ni2Si, NiAl2O4, W2C, Ni3Si, Cr3C2, and FeNi 

in Ni-based and WC10Co2Ni reinforced composite clads; and phases: Intermetallics (Ni3Si, 

FeNi3, and Fe7Ni3), Carbides (Fe5C2) and Oxides (Al2O3 and SiO2) in Ni-based and Al2O3 

reinforced composite clads are developed. The formation of various carbides, silicides and 
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intermetallics during microwave hybrid heating led to higher average microhardness of the 

developed composite clads. The average microhardness of the developed Ni-based/30 

WC10Co2Ni composite clad comes out to be highest (925±57 HV) among all the developed 

clads, which is almost 4.91 times higher than that of the substrate (SS-316). The presence of 

high strength carbides and intermetallics in the composite clads also resulted in the higher 

flexural strength of these clads. The value of flexural strength in case of Ni-based-15 Al2O3 

composite clad was highest and it is of 854±16 MPa. 

 The functional characterization results, in terms of vibratory cavitation erosion testing 

at varying test parameters (stand-off distance, vibration amplitude and horn immersion depth) 

revealed that cavitation erosion resistance (CER) of all selected composition developed 

composite clads is higher than the SS-316 substrate. The Ni-based-30 WC10Co2Ni composite 

clad shows highest CER among all the developed clads, which is almost 12.78 times higher 

than the substrate. The ANNOVA results revealed that all the three test parameters were 

significant for cavitation erosion wear. The stand-off distance (SOD) comes out to be the most 

influential test parameter followed by vibration amplitude (AMP) and horn immersion depth 

(IMD). The maximum cavitation erosion wear occurs at 0.5 mm SOD, 60 AMP and 80 mm 

IMD. The overall results led to the conclusions that the microwave energy proved its successful 

utilization to develop clads of various materials that can resist the cavitation erosion wear 

successfully. Hence, the microwave processed composite clads can be successfully used in 

hydroelectric power plant applications.   

Keywords: Microwave Cladding; Composite Clads; Characterization; Cavitation Erosion 

Resistance; Fractographic Analysis; Taguchi L9 orthogonal array  
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CHAPTER 1 

INTRODUCTION AND OVERVIEW 

  

1. Origin of the Current Research Problem 

1.1 Climate Change and Renewable Energy 

Since the start of human civilization, energy plays a fateful role in social and economic 

development. It is considered as backbone of economy of a country. Any hindrance in its 

supply can causes severe effect on the functionality of a country.  Over the last few decades, in 

response to meet the great increase in demand of electricity due to the increase in population 

and technological advancements globally, the fossil energy sources have been tapped 

comprehensively, which leads to rapid depletion of them. The exorbitant use of remaining 

fossil energy sources must be discontinued immediately, not only because they are being 

depleted, but also, the key concern of severe environmental pollution caused by the combustion 

of fossil energy sources.       

 In the year 2018, an increase of 50% in CO2 emissions by 2030 was estimated by 

the International Energy Agency, world outlook agency [1]. In response to this status, global 

warming and the threat of climate change is forcing the industries to use energy sources more 

efficaciously, while energy-related greenhouse gas (GHG) emissions have become the most 

discussed issue of the current decade. In this respect, efforts in the field of research and 

development of renewable energy technologies are needed that can provide solutions to these 

environmental challenges by offering clean and reliable energy sources. The renewable energy 

shares, among the other energy sources in the world, have increased in recent years, and are 

projected to grow in near future [2]. The hydropower has the greatest potential to be an 

emission-reducing sustainable system, which makes it an important asset in the global 

renewable energy supply. The various available renewable sources utilization and dependency 

of the leading six countries for producing electricity is as presented in Figure 1.1. 
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Figure 1.1: Leading countries using renewable sources to produce electricity [3] 

The study shows, India has now overtaken Japan and become 5th largest hydroelectric power 

producer globally and still has a huge potential for generation of hydropower [3]. The Indian 

power sector highly depends on hydropower and it holds second position. The importance of 

hydropower for production of electricity, when compared with all other renewable and non-

renewable methods, like wind, solar, biomass, waste, coal, diesel, gas, is confirmed from 

Figures 1.2 and 1.3.  
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Figure 1.2: Contribution of all the resources in installed grid power capacity in INDIA [4] 

(Ministry of power statistics) 

However, despite of all these advantages, hydropower plant comes across numerous 

constructional, operational and maintenance issues, that may severely affect the electricity 

generation capacity of plant. Additionally, the burden of huge revenue losses to the power plant 

may arise because of the increase in downtime due to several teething problems. The 

performance and workability of the plant highly depends upon the satisfactory working of the 

hydro turbine and its associated components. These may be severally damaged due to one or 

all of the following reasons: 

i. Cavitation erosion 

ii. Sediment erosion  

iii. Fatigue  

iv. Material defect 
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Figure 1.3: Contribution of the renewable resources in installed grid power capacity in 

INDIA [5] (Ministry of Renewable energy statistics) 

i. Cavitation erosion: Cavitation erosion (CE) is a leading cause of material degradation 

in the different fields related to liquid transportation. This occurs when there is a pressure 

fluctuation within the flowing liquid inside the turbomachines. This severally affected the 

satisfactory workability of the machinery and results into noise, extreme vibration and loss in 

efficiency. The damage to a Kaplan turbine blade caused by cavitation erosion is as illustrated 

in Figure 1.4. The severity of the cavitation erosion is well described by an article "Tiny Bubble 

Challenges Giant Turbines: Three Gorges Puzzle [6]. 

this hydropower plant severally damaged in the next year of its commissioning, due to 

cavitation erosion. However, the turbine blades were manufactured by leading manufacturing 

companies. 
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Figure 1.4: The damage to Kaplan turbine blade resulting from pitting action of cavitation 

erosion [7] 

ii. Sediment erosion: Sediment erosion in hydro-turbine parts is occurred due to 

continuous striking of sand or sediment particles that are present in water. These hard particles, 

striking with high velocity, gradually remove the material by cutting action and repeated 

deformation [8].   This type of wear destructs the oxide film on the surfaces that guide the flow 

and make them irregular, which may also offer favourable initiation spots for cavitation 

erosion. This results in noise and extreme vibration, which, further leads to both a releasing 

and contributing reason for power plant damages. The rate of erosion depends upon numerous 

properties of sediments such as their size, shape and concentration. Sediment erosion is a major 

problem for small hydro power plants, situated in steep hilly terrains, particularly in the 

countries of south Asia that belong to Himalayan region like India, China and Nepal. During 

monsoon season, the high amount of sediment is present and it becomes challenging to resist 

these sediments to pass through the turbines. The main constituent of this silt (Fe2O3, Al2O3, 

SiO2, CaO, and MgO) is quartz (70- scale hardness 7), 

and it can cause severe damage to turbine parts.  

iii. Fatigue: Fatigue is another cause of failure of hydro turbine. Cracks may develop in 

the hydro-turbine parts which are subjected to continuous cycling loading. The growth of these 

cracks up to boundaries, overtime, may gradually fail the hydro-turbine parts. The failure of 

any one component of hydro-turbine leads to complete failure of hydro-turbine, as it is 
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assembly of numerous components. Some studies [9] reveal the formation of eddy current as 

major cause for vibration and stress generation.

iv. Material defect: The available literature on failure of hydro-turbine reports that 

material defect is not frequent failure mechanism for hydro-turbines [6], because most of the 

material defects are controlled during manufacturing phase. However, during installation, the 

generation of material defects can result into failure of components. Therefore, it is mandatory 

to strictly follow the required design configuration, during assembly of all components, in 

hydro power plants. However, some defects like sensitization of steels, due to the heating effect 

of collapsing cavitation bubbles, is also reported [10].

It is found that cavitation and silt erosion are most frequent reasons for failure of 

hydro-turbine. Thus, emphasis on sediment and cavitation erosion is paramount for the 

countries belong to south Asia region, because most of the hydro energy of this region is 

extracted mainly from Himalayan rivers. 

1.2 Cavitation Phenomenon

Cavitation erosion (CE) is a leading cause of material degradation in components of hydro-

power plants. Cavitation phenomenon generally occurs, when there is a fluctuation of the 

pressure within the flowing liquid inside the hydro-machines. Whenever pressure in the 

flowing liquid falls below its vapour pressure at a particular instant or location that gives rise 

to nucleation of cavities (vapour bubbles) [11]. These vapour cavities travel with the flow. 

However, when the pressure starts rising and reaches a higher value, these vapour cavities start 

collapsing violently. The ensuing collapse of these cavities generates micro-jets and high-

pressure shock waves, which result in the extreme generation of stress into material. If the 

resultant pressure of these shock waves is greater than the mechanical strength of the material, 

a small hollow indentation has been formed which is known as pit. When these pits have been 

accumulated in a very narrow area then material finally gets eroded. The step wise mechanism 

of pit formation is illustrated in Figure 1.5.

Figure 1.5: Step wise representation of cavitation phenomenon
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The various parts of hydro-turbines which are more likely to lose their satisfactory 

functionality, due to cavitation and sediment erosion are listed in Table 1.1. 

Table1.1: The components of turbine which are highly susceptible to cavitation erosion 

Classification of Hydraulic 

Turbines 

Type of 

Turbine 

Parts Prone to Cavitation 

Damage 

Reaction Francis 1.The Trailing edge of the blade 

2. The leading edge of the blade 

3.Wicket gates guide vanes 

4. Draft tubes 

Kaplan Guide vanes, Blades 

Impulse Pelton Bucket 

Bulb Blades 

 

1.3 Methods to Prevent or Control Damage due to Cavitation Erosion 

An insight of literature review indicates that it is not possible to avoid cavitation phenomenon 

completely. However, their effect can be minimised, either by completely eliminated the load 

fluctuation or reduced it to minimum. The studies on cavitation [12] also suggest that this 

problem may be avoided completely, at the design level, by using the following approaches; 

i. Designing the turbine in such a way that in the draft tube it operates with forward whirl 

ii. Improving the pressure distribution at back side of the blades of turbine 

iii. Changing the blade profile to make it forward edge shape 

Apart from this, on the operational level, the effect of cavitation and sediment erosion damage 

to the hydro-turbine parts can be minimised by using following methods [13] (Figure 1.6): 

i. Online vibration monitoring 

ii. Use of cavitation resistant materials 

iii. Injection of air into the draft tube 

iv. Tailoring the surface properties of the bulk component 
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Figure 1.6: Cavitation erosion prevention methods

i. Online vibration monitoring: This is the most common and effective method used to 

control the cavitation in hydro-power plants. In this method, vibration monitoring devices are 

used which can detect the abnormal vibrations. The abnormal vibrations are induced to 

machine by the section which is experiencing cavitation. These values of abnormal vibrations 

are compared with the standard permissible limits of vibrations. If any value of abnormal 

vibrations beyond the permissible limit is noticed, the machine control system commands to 

discontinue the operation and shut down the machine immediately. This ensures not only the 

prevention of further damage; but also, the safety of the plant officials.

ii. Use of cavitation erosion resistant materials: The wise choice of turbine material and 

fabrication method can prevent damages due to cavitation. The cavitation incubation time and 

rate are greatly affected by the material properties. The cavitation erosion rate of the materials, 

which have higher cavitation incubation rate, will be higher. It is reported that harder materials 

are more resistive to cavitation damages because higher microhardness results into 

logarithmically increase into cavitation incubation time. However, ductility and toughness also 

play important role to enhance cavitation erosion resistance by increase the ability of material 

to absorb cavitation energy [14]. But, the resistance to fracture of any material is affected 
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differently by properties like hardness, toughness and ductility. The failure possibility of 

material due to cavitation erosion wear can be reduced by increasing the hardness and 

toughness of materials simultaneously. But, this is a problematic task to increase both these 

properties simultaneously in any material system. Therefore, the use of composite material 

might help to tackle this problem. 

iii. Injection of air into the draft tube: The draft tube experiences the problem of 

cavitation due to the separation of flow at the exit of the blades of turbine. This separation of 

flow induces high amplitude vibration to the machine components, which causes unfavourable 

effects to the turbine assembly. The studies[15]  also show that vibrations were dampened and 

also flow were stabilized by injection of air into the draft tube. Therefore, these days, the draft 

tube for Kaplan and Francis turbines are submerged completely into the water.   

iv. Tailoring the surface properties of the bulk component: Surface Engineering is one 

of the most common methods used these days to prevent turbines damage. Where, in this 

approach user can tailor the properties of the bulk surface component for enhancement of the 

cavitation erosion resistance[16] [18]. It has been found from literature that both bulk and 

surface modification are used to enhance cavitation and sediment erosion properties of the 

components [8]. Since, wear is a surface phenomenon, therefore, instead of modification of the 

entire bulk component, the modification of surface without altering the major properties of 

bulk is economical and better option. The various surface modification methods are in used, 

while coatings/claddings methods have been used by researchers more commonly. In this 

surface of the bulk is to coat/clad against various cavitation and sediment erosion wear and it 

can yield better tailored properties with enhanced wear resistance [19], [20].    

1.4 Methods to Prevent or Control Damage due to Sediment Erosion 

Sediment erosion, in hydro-power plants, causes severe issues by increasing the maintenance 

shut down time and huge economic losses due to damage and low productivity. The impact of 

sediment erosion can be reduced to acceptable level with the help of following well accepted 

methods (Figure 1.7):  

i. The construction of civil structures (de-silt chambers and dams) 

ii. The proper monitoring of sediment concentration to power house 

iii. Coatings/claddings 

iv. Selection of materials 
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Figure 1.7: Sediment erosion prevention methods

i. The construction of civil structures (de-silt chambers and dams): The civil 

structures such as dams are constructed across the direction of river flow to store water, and

later use for various purposes. Mostly, the dams are constructed to store water for irrigation, 

electricity generation, flood control and also to reduce flow velocity in order to settle down the 

sediments into reservoir. Thus, erosive sediments flow may be prevented to enter, at an 

acceptable level, into power house. The de-silt chambers are also civil structures which are 

constructed in line to the dam in order to prevent the flow of finer erosive particles to enter into 

the power house by reducing the flow velocity [21]. As a result, after crossing the de-silt 

chamber, only clean water is supplied to power house, which helps to minimise the damage 

causes due to sediment erosion.

ii. The proper monitoring of sediment concentration to power house: This is another 

method that is used to prevent the damage due to sediment erosion. In this method, the content 

of silt is measured in the river, in part per million (PPM), by an online silt measuring device. 

If value of silt content limit is found greater than the permissible limit, the sensor commands 

to discontinue the operation and shut down the machine immediately. 
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iii. Coatings/claddings: In this, bulk  exposed surface is coated/cladded with another 

hard facing material to make it able to resist the sediment erosion. This method is extensively 

used to prevent damage to machines by both cavitation and sediment erosion [19], [22].  

iv. Selection of materials: The wise selection of sediment erosion resistant material is also 

helpful to combat sediment erosion up to some extent. The hardened stainless steels are most 

commonly used for this purpose [23]. The turbine parts are generally fabricated or cast from 

these stainless steel. Further, these parts are heat treated to enhance the sediment erosion 

resistance. 

 On the basis of above discussions, it has been observed that, although, the online 

monitoring of cavitation and silt erosion is helpful to prevent damage due to cavitation and 

sediment erosion, but, the shutdown time results into low efficiency. Also, complete 

submergence of draft tube, constructing dam and de-silt chambers; particularly to combat 

cavitation and sediment erosion does not provide plausible solution. Therefore, bulk or surface 

modification may provide the best solution to combat both cavitation and sediment erosion. 

Moreover, the degradation of materials starts from surface, therefore, modification of surface 

instead of designing of suitable bulk material is always economical and the most realistic 

method to resist wears.  

1.5 Surface Engineering  

Surface engineering may be defined as a method to tailor the properties of surface of 

constituents (metallic/ non-metallic), to improve the functionality and service life, to be used 

for decorative or functional purposes.   Surface engineering is broadly termed as sub-discipline 

of materials science. It mainly deals with the surface of bulk. It is the spectrum of all the 

applications of engineering and most commonly used method to enhance resistance against 

wear, oxidation and frictional energy losses. Most of the engineering components experience 

degradation of material which initiates from surface, because surfaces are exposed to 

surrounding environment. As a result, surfaces experience degradation overtime. Hence, the 

improvement of surface is major concern in most of the engineering applications. The major 

properties that are required by any engineering component to function satisfactory for long 

period are: 

i. Resistance against wear 

ii. Resistance against corrosion 

iii. Minimum energy losses due to friction 

iv. Resistance against oxidation at elevated temperatures 
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v. Better thermal properties

vi. Better electrical properties

The modification of surface can be done by different methods which are illustrated in Figure 

1.8.

Figure 1.8:  Different types of surface engineering methods

The most common surface engineering technologies applied to steel alloys, mainly used in 

hydropower plant, include transformation hardening, surface melting, conventional 

carburization, conventional nitriding, coating/cladding, and plating [24], [25]. Surface 

hardening of stainless steels for improved wear resistance while maintaining corrosion 

resistance and ductility has historically been very difficult. One of the most realistic and 

economical approach to improve wear resistance, by overcoming above mentioned problems,

could be overlaying the functional surface with layer of hard and wear-resistant material i.e. 

coating/cladding. Most of the techniques shown in Figure 1.8 are well developed and used 

extensively by the industries. A brief comparison based on some important parameters of 

different coating/cladding processes is shown in Table 1.2.
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Table1.2: Comparison of distinguished methods used for claddings/coatings [26]  

Process 

Characteristics 

Gaseous State 

Processes 

Solution 

Process 
Molten or Semi-Molten State Processes 

PVD CVD Electroplating 
Laser 

Cladding 

Thermal 

Spraying 
Welding 

Deposition Rate 

(Kg/h) 

Up to 

0.5 Per 

Source 

Up to 1 

Per 

Source 

0.1-0.5 0.1 0.1-10 3.0-50 

Coating 

Thickness (µm) 

0.1-

1000 

0.5-

2000 
10-500 50-2000 50-1000 1000-100000 

Substrate 

Deposition or 

Treatment 

Temperature 

(°C) 

50-500 
150-

12000 
25-100 200-2000 100-800 500-1200 

Uniformity of 

Coating 
Good 

Very 

Good 
Fair/Good Fair Variable Variable 

Bonding 

Mechanism 
Atomic Atomic - Metallurgical Mechanical Metallurgical 

 

The tribological coating/claddings are commonly developed through the thermal spray, laser 

and conventional welding processes [27]. The thermal spraying is a broadly used technique 

considering its low cost and remarkable wear resistance [28] [29]. 

 However, this process has some major limitations like absence and/or poor 

metallurgical bonding with the substrate, the presence of hard spots, high porosity, and 

chemical inhomogeneity in the coating. Hence, the performance of the coating in aggressive 

tribological loading (pinpoint) and environment can be poor due to poor adhesion strength of 

coating with the substrate [30], [31]. In contrast, the conventional welding processes ensure 

good adhesion strength of deposits with substrate due to metallurgical bonding. However, the 

substrate deforms severely due to excessive dilution. To encounter the above mentioned 

problems, the electromagnetic energy, like a laser, is extensively used to deposit clad on the 

surface of steel [32] [35]. Laser cladding is well known for better control over dilution and it 

gives finer microstructure [36], [37]. In spite of these facts, it has some limitations like high 
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thermal stress developed during process owing to high-temperature gradient during superfast 

cooling associated and that causes solidification cracks in clads[38]. Apart from this, distortion, 

porosity and residual stresses are also a major concern in laser cladding [39], [40]. The cladding 

of different thermal expansion materials may get delaminated from the substrate due to arises 

of the solidification cracks. The defects associated in clad arises due to the high thermal 

gradient which causes rapid solidification. The laser cladding is also not advantageous for 

processing large areas due to lower deposition rate [41]. The brief comparison of the different 

coating/cladding process along with their limitations is presented in Table 1.3. 

Table1.3: Different surface modification techniques with their limitations [42] 

S.no Surface coating techniques Limitations 

1 CVD and PVD  Physical Vapor Deposition and 

Chemical Vapor Deposition processes 

operate at high vacuums and 

temperatures which requires skilled 

operators. 

 The rate at which the coating is 

deposited is usually quite slow. In 

addition to these, an appropriate cooling 

system is also required as the process 

involves a large amount of heat. 

2 Electroless deposition  Coating thickness limits up to 1-100 µm. 

3 Electrolytic deposition  A conducting substrate is required. 

 DC power supply is generally required. 

4 Thermal spraying  It does not produce metallurgically 

bonded coatings. 

 There are various hard spots left in the 

coating layer which leads to high 

abrasion. 

 The problems such as  inhomogeneous 

microstructure, unbound or unmelted 

particles and high porosity are associated 

with spray coating. 
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5 Laser surface treatment  High initial setup cost and high power 

requirements. 

 The laser is an intense heat source, which 

might cause confined thermal distortion 

and induced residual and thermal stresses 

on the substrate during cladding. 

 The laser cladding is not advantageous 

for processing large areas due to lower 

deposition rate. 

 Defects like porosity are high in this 

process. 

 Development of cracks on the surface 

due to high cooling rate. 

 

In summary, during coating/cladding formation, the problems arise due to the heating source 

(laser beam in laser cladding, flame/arc in spraying and conventional welding). In general, the 

heat energy transferred from heating source to material through conventional mode (radiation, 

conduction and convection) of heat transferred and hence, rise in temperature to the melting or 

sub molten region is achieved. This causes deposition of the coating/cladding with a high 

thermal gradient. Where, the kinetics of heat transfer mainly depends on physical properties 

(thermal conductivity, thermal diffusivity, specific heat, convective heat transfer coefficient 

etc.) of material system used, which governed the quality of clads. Therefore, the community 

of the researchers should look into the solutions for the above discussed issues highlighted in 

well accepted practices used for the development of the coating/claddings. The novel material 

processing technology is required to use which can overcome the limitations of current material 

processing technologies, and also capable of producing cladding with better microstructure and 

properties. However, the processes need to prove their significance as a faster and cost-

effective process before welcomed by industries.  

1.6 Factors of Efficient Material Processing   

The prime concern of academicians and industries is to develop a technique which can 

overcome, not only, the limitations of existing methods to produce coatings/claddings, but also, 

capable to cope up with the growing energy demand. It should also be environment friendly, 
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effective, sustainable and efficient. The selection of the processing method is critical and the 

following parameters are to be considered while selecting.   

1. Initial setup cost                             5. Processing time per unit product 

2. Quality of finished product            6. Maintenance Cost  

3. Structure-property Correlations     7. Safe working environment 

4. Power requirement 

Recently, microwave processing of materials has gained popularity, as a surface modification 

technique, to fulfil almost all the requirements of efficient material processing [43] [46]. 

Microwave cladding covers almost all the limitations of the conventional surface processing 

techniques. It leads to uniform bulk heating which reduces the residual stresses, thermal 

gradient and thermal distortion of the target material and it also helps to attain metallurgically 

bonded surface layer without any cracks. So, this novel technique has a promising future [47], 

[48] as it has many advantages over the other surface coating techniques. 

1.7 Introduction to Microwaves 

Microwaves are consisting of magnetic and electric waves which propagate perpendicular to 

each other and having wavelengths varying from 30 cm to 1 mm in the air as shown in Figure 

1.9. These wavelengths belong to an electromagnetic spectrum having a frequency range of 

300 MHz to 300 GHz [49]. Microwaves are used in many applications including food  

 

 

Figure 1.9: Electro-magnetic spectrum displaying wavelengths and frequencies of 

microwaves [23] 
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processing, medical purposes, and communication systems, industrial heating and material 

processing etc. due to these ranges of frequencies. In India, the frequency range allocated for 

microwaves is 2.45 GHz; however various frequencies are utilized for microwave heating 

furnaces ranging from 915 MHz-18 GHz [50], [51]. Earlier, the microwaves applications were 

limited to communications systems including satellite communications, radar and televisions 

broadcasting. In the year 1945, American physicist and inventor, Percy Spencer [52]

investigated heating effects of microwave radiations and patented the technology used for the 

heating purposes, which is known as a microwave oven.

The applications of microwaves in the domain of heating were further explored by 

researchers [53], [54] in the area of material processing like vulcanization of rubber, steel 

making, processing of ceramics and metallic materials, alternative sources of energy recovery 

[55] etc. The main characteristics of microwave radiations as a heating source during material 

processing using are illustrated in Figure 1.10.

Figure 1.10: Characteristics that favours the materials processing through microwave

radiations [56]  
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1.8 Fundamentals of Microwave Interaction with Material

The interaction of microwave, like any other electromagnetic radiation, with material governs 

by the certain properties of electromagnetic radiation particularly amplitude, both electric and 

magnetic field components, phase angle and rate of transfer of energy from one point to another 

point; that is ability to propagate through material [57]. During expose to microwaves, electric 

and magnetic properties of material such as tangent loss, dielectric constant and resistivity also 

plays decisive role in interaction of material with electromagnetic radiation to produce heat in 

some of them. Based on the response of the materials with microwave irradiation, the materials 

can be categorised in following ways [58]:

i. Transparent materials: The materials, with low dielectric loss factor, allow the 

microwaves to penetrate and transmit through them completely without absorption of any 

energy component is termed as transparent materials or low -loss insulators materials. Materials 

like alumina (Al2O3), teflon, glass, thermosetting plastics and quartz are some examples of 

these class of materials. The response of the transparent material to incident microwave 

irradiation is as illustrated in Figure 1.11(a). 

Figure 1.11: Response of distinguished materials when exposed to microwave irradiation

a) transparent material b) opaque material c) absorbent material

ii. Opaque materials: The materials, with high dielectric loss factor, reflect the microwaves 

completely, without absorption of any energy component, or allow negligible penetration are 

termed as opaque materials or conductors. In general, all metals are conductors at room 
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temperature and come under this category. The response to incident microwave irradiation by 

the opaque material is illustrated in Figure 1.11 (b).  

iii. Absorbent materials: The materials, with mixed properties in range from conductors to 

insulators, absorb microwaves readily and convert this absorbed electromagnetic energy into 

heat; are termed as absorbent materials or lossy dielectrics. Materials like charcoal and 

ceramics are some examples of these types of materials. The response to incident microwave 

irradiation by the absorbent material is illustrated in Figure 1.11(c). 

iv. Mixed absorbers: The advanced materials, which have mixed or multi-phase and in which 

one phase acts as high loss insulator and other as low loss insulator, are termed as mixed 

absorbers. Some materials are transparent to microwaves such as alumina, glass and silica, but 

start absorbing microwaves after heated to a critical temperature. On the other hand, some 

materials, such as silicon carbide, absorb microwaves effectively even at ambient temperature 

[57]. Therefore, in materials, that are transparent to microwaves, a microwave absorbing 

second phase is added intentionally in order to absorb microwave energy effectively even at 

room temperature. Polymer matrix composite and ceramic matrixes composite are some of the 

examples of these types of materials. 

1.9 Microwave Heating Mechanism  

The heating mechanism as a result of transfer of energy during the interaction of microwave 

radiation with the absorbing material is complex. When the material is exposed to microwave 

radiation for processing, the movement of free electrons, electron spin, domain wall and dipoles 

are disturbed by the electric and magnetic component of microwave [57]. The response to 

exposed radiation depends upon the material. One mechanism or a combination of several 

mechanisms can occur simultaneously, during interaction. The material can further be 

characterized into magnetic and non-magnetic in the context of microwave heating mechanism, 

which is different for magnetic and non-magnetic materials.  

1.9.1 Heating mechanisms in non-magnetic materials 

These materials do not affect by magnetic field component of microwave. Basically, dipolar 

losses and conduction losses are two main loss mechanisms for these type of materials [59]. 

The highly conductive and metallic materials are mainly dominated by conduction losses, on 

the other hand, dielectric insulators are dominated by dipolar losses.  

i. Dipolar loss: This loss plays a significant role in the dielectric insulator materials such as 

food products, water, ceramics, CMC and PMC [60]. The dipoles are generated in these 

materials, during exposure to external electric field. The disturbance is created in these 
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molecular dipoles by the oscillating electric field. The molecular dipoles try to be in phase, by 

reorienting themselves, with this oscillating electric field. While, these frequent changes in the 

molecules orientation is resisted by molecular interaction, frictional, elastic and inertial forces. 

Consequently, increase in kinetic energy of molecules results in volumetric heating. Hence, the 

temperature of the material increases rapidly due to increase in kinetic energy of all dipoles in 

the material.  

ii. Conduction loss: This loss plays a significant role in pure metals, materials based on 

metals and semiconductors such as Al, Cu, Ni, Fe, Si and metal matrix composite (MMC) [61], 

[62]. The free electrons of these materials start movement towards the applied external electric 

field. The significantly high conductivity of these materials results into rapid attenuation of 

field inside the material which further induces large current. This leads to development of an 

induced magnetic field inside the material against the direction of external magnetic field. The 

force generated by this induced magnetic field faces restriction from molecular interaction, 

frictional, elastic and inertial forces. The rapid repetition of this phenomenon by oscillating 

electric field results into uniform and volumetric heating inside the material. 

1.9.2 Heating mechanisms in magnetic materials 

These materials are affected by both the components (electric and magnetic) of microwave. 

The magnetic field affects the orientation of domains, electron spin and domain wall, while the 

motion to free electrons is imparted by the electric field. The conduction loss in addition to 

magnetic losses like magnetic resonance (electron spin and domain wall resonance), hysteresis 

and eddy current are exhibited in these materials. 

i. Eddy current loss:  In this heating mechanism, when any conductor is exposed to 

changing external magnetic field, eddy currents are induced on all magnetic domains that are 

present at the surface layer, in the form of close loops [60], [62]. Any change in external 

magnetic field is opposed by these eddy currents. The density of the eddy current can be 

expressed as equation 1.1 [61].  

 1.1 

 

            E is the electric field induced by the altering magnetic field 

Hence, the electric resistivity of the material is key factor and plays a decisive role in eddy 

current losses.  

ii. Hysteresis losses: The magnetic materials experience these losses, which are caused by 

the irreversible magnetization process, when exposed to alternating magnetic field. The change 
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in polar orientation of magnetic poles, in every cycle, causes oscillation in magnetic dipoles. 

This rapid oscillating moment is the cause of significant friction and results into heating inside 

the material. This heating mechanism is known as hysteresis loss. Hysteresis loss is the prime 

cause of heating of ferrous magnetic materials when exposed to an alternating magnetic field

[60], [62].

iii. Resonance losses: Apart from the hysteresis and eddy current losses, magnetic resonance 

losses are main cause of microwave heating of few metal oxides like ferrites [63]. Domain wall 

and electron spin resonance contributes a lot to induce magnetic resonance losses.  

Available literature indicates that residual losses are also contributor of the losses that originate 

from several magnetic resonances and relaxations [59]. These occur mainly due to rotational 

and domain wall resonance. 

1.10 Historical Developments in Microwave Processing 

The historical or chronological developments in the field of microwave heating and processing 

of materials are as shown in Figure 1.12. The microwave applications were earlier based on 

lower temperature applications, which were further explored for higher temperature 

applications like in the field of processing of mostly ceramic materials [64], [65]. The ceramic 

materials are readily coupled with microwave radiations of frequency 2.45 GHz.

Figure 1.12: Chronological developments in microwave processing of metallic materials

However, bulk metallic materials reflected back the microwave radiations of low frequency of 

2.45 GHz at room temperature.  The perception among the researchers or scientific community 
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was to process such materials difficult at room temperature of low frequency microwave 

radiations. Further, researchers carried out many trials and in the year-1999, Roy et al. [66] 

reported the successful sintering of metallic powder, which further explored the possibility of 

coupling of microwaves with metallic materials in the form of fine powders of few microns. 

The outcome of this research has changed the mind-set of the scientific community and forced 

to them to re-think upon the processing of metallic powders by using microwave radiations 

[67] [69]; which were successfully achieved afterwards. The various active research groups of 

worldwide have carried out the work in different capacities to expand the horizon (Figure 1.12) 

of microwave metal processing.  The group of IIT Roorkee, India, Sharma et al. [70] in 2009 

successfully processed the bulk material and joined the bulk metallic materials by microwave 

in a domestic microwave oven. This work resulted in the utility of microwaves in the field of 

higher temperature applications. In the year 2010, Gupta and Sharma [71] extended this work 

for producing claddings of various materials on a metallic substrate using a domestic 

microwave oven. The applications of attaining high temperature by microwaves were explored 

in recent years and amount of work has been carried out in the field of material 

claddings/coatings and joining areas. The possibilities of Functionally Graded Materials 

development through microwave hybrid heating are also recently explored and results obtained 

by authors are very much attractive (Kaushal et al. [72] [74]. 

1.11 Conventional /Microwave Hybrid Heating 

In the case of microwave heating, the heating profile is inverted i.e. heating starts from the core 

of material and moves towards outward direction. However, in the case of conventional 

heating, heat is supplied at the outer surface and transferred to the material core by conduction, 

convection and radiation modes of heat transfer. Due to the direct absorption of microwaves in 

the case of microwave heating, heating is done at the molecular level. In the case of 

conventional heating, there is a significant thermal gradient at the surfaces, which leads to poor 

microstructures of the surface [75]. However, in the case of microwave heating, the presence 

of thermal runways in the core leads to microstructure distortion and cracking [76]. To 

overcome this differential heating phenomenon at core and surface, the theory of microwave 

hybrid heating has been proposed by the researchers. In the case of MHH, both conventional 

heating and microwave heating are utilized. Hence, heating can be done in both the directions 

in order to lower the thermal gradient between the core and surface.  Bulk metallic materials 

are opaque (reflect microwaves) to microwave radiations under normal conditions of 2.45 GHz 

frequency. But at an elevated temperature, these materials start absorbing microwave radiations 
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[77]. In the case of MHH suitable susceptor like charcoal powder, silicon carbide material is 

used to facilitate the interaction of microwave radiations of low frequency to such materials 

first and hence it causes to raise their temperature. This heated susceptor material transferred 

heat to metallic materials by conventional mode of heat transfer and reaches the temperature 

of metallic materials to the elevated temperature. The metallic materials at such high 

temperature started to interact directly to incident microwave radiations and further heating is 

taking place by absorption of these radiations only. The materials processed through MHH 

technique gives better microstructures like reduced grain size, reduced porosity etc. This is 

only possible due to the uniform and rapid heating associated in MHH, and also results into 

huge savings in the energy consumptions and processing times. The comparisons of the 

different heating phenomenon are shown in Figure 1.13.

Figure 1.13: Heating profile distribution in conventional, microwave and microwave hybrid 

heating (MHH) modes

1.12 Advantages of Microwave Processing of Materials

The main advantages of microwave material processing are associated with its characteristics 

of a higher heating rate of target materials coupled with lower energy consumptions and lower 

processing times (Figure 1.14). Comparatively, better microstructures, higher efficiency with 
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reduced energy consumptions, lower defect formation and lower cost of heating are involved 

in microwave processing of material than conventional heating.

Figure 1.14: Advantages of microwave processing of materials

1.13 Limitations of Microwave Processing of Materials

The utilization of microwave energy to process the materials has gained the attention of 

researchers in the last decade because of its promising features. However, some challenges are 

also associated with this technique, which can attract the researchers to explore this field 

further. Some challenges that are faced during the use of microwave as a heating source to 

process the materials are listed following:

i. The problem of poor interaction of microwave irradiation with metallic materials at room 

temperature. 

ii. The control of temperature inside the microwave cavity during processing is difficult.

iii. The parts with intricate and complex geometries are difficult to process using microwave 

irradiation.

iv. The leakage of microwave radiation may harm the humans involved in the process.

1.14 Thesis Overview

The current thesis work has been divided into the following chapters:

Chapter 1: In this chapter, the origin of the research problem and its global impact has been 

discussed in detail. The various methods used to combat with the cavitation erosion wear are 

explored. The viability of surface engineering in the significant reduction of surface wear loss 

has been discussed.  The efficient utilization of electromagnetic energy in the form of

microwaves in different fields and their limitations are also presented. The motivation behind 

the work has been outlined.
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Chapter 2: A brief literature review of well-established surface modification techniques which 

are commonly used in industries for solving the issue on cavitation erosion has been discussed. 

A literature review of materials processing using microwave heating has been presented and 

discussed. The gaps were identified during the detailed literature review, and the problem has 

been defined for the current research work. As a result, the objectives for the current work have 

been identified and defined logically. 

Chapter 3: In this chapter, the basis for the selection of the substrate, matrix material and 

reinforcement material has been presented and discussed. The detailed characterization like 

their shape, size, compositions, phases of selected raw materials (substrate, matrix powdered 

material and reinforcement powdered material) by using suitable available techniques has been 

presented and discussed in detail. The specifications and operation of the apparatus and 

equipment used for mechanical, metallurgical, and tribological characterization has been also 

presented and discussed. 

Chapter 4: The current chapter presents the details about the development of composite clads 

by using a novel microwave hybrid heating (MHH) technique. Prior to clad development, the 

primary sample preparation is also discussed in this chapter.  

Chapter 5: In this chapter, the results of metallurgical and mechanical characterization for the 

so developed clads of Ni-based (EWAC)-Cr3C2, Ni-based (EWAC)-WC10Co2Ni and Ni-based 

(EWAC)-Al2O3 are discussed. The results obtained by using suitable techniques and standards 

to get the microstructure, crystal structure or phases formation, porosity, microhardness, and 

flexural strength are presented and discussed in detailed. 

Chapter 6: This chapter focused on the results obtained from the tribological characterizations 

of developed clads. The parametric studies of weight loss results of cavitation erosion of SS-

316, EWAC/xCr3C2, EWAC/xWC10Co2Ni, and EWAC/xAl2O3 are presented. Following that, 

the effect of the parameters such as stand-off distance, amplitude, and immersion depth on the 

cavitation erosion wear behaviour of developed clads is thoroughly discussed. The 

fractographic analysis of worn surfaces to determine the possible wear mechanism has been 

reported. Finally, the confirmatory experiments at optimized process parameters have been 

discussed.   

Chapter 7: The conclusions of the findings from the present research work have been discussed. 

The major outcomes of the present work and future scope have been highlighted. 
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CHAPTER 2 

LITERATURE REVIEW AND PROBLEM FORMULATION 

2.  

Surface degradation of hydraulic turbine parts due to cavitation erosion phenomenon is a major 

concern. Surface engineering can be a straightforward solution for protecting the components 

against cavitation erosion wear. The use of microwave radiations as a heating source has 

established solutions for problems existing in surface modification techniques. This source of 

energy is the fastest and economical way for processing ranges of materials. In the current 

chapter, brief literature surveys of well-established surface modification techniques, which are 

widely used these days in industries facing challenges of cavitation erosion, have been 

discussed. The literature survey also carried on use of microwave radiations for processing 

range of materials (especially metals) for different purposes is discussed here in this chapter. 

The gaps in literature have been identified and problem is formulated for carrying out the work 

for present doctoral thesis. Hence, accordingly, the research objectives for the current work 

have been framed. 

2.1 Stainless Steel 

Stainless steel is used in almost every industry around the world. In 2019, despite of the decline 

in the production from 3.9 MT to 3.2 MT, India was still ranked second in the world for 

stainless steel production, trailing only China [78]. Austenitic stainless steels, which were 

invented in Essen, Germany at the beginning of the twentieth century, now account for roughly 

two-thirds of total stainless steel world production. Austenitic stainless steel is extensively used 

in various turbomachines and their components because of its lower cost, easy machinability, 

and excellent corrosion resistance [9], [79]. The SS-316 grade of austenitic stainless steel 

possesses slightly better properties than most commonly used 300 series family members, i.e., 

SS-304. The SS-316 contains molybdenum, generally 2 to 3% (as per ASTM-276), making it 

suitable for working in a highly corrosive environment and thus widely used for making hydro 

power plant components [80]. The components of the hydropower plant, such as pumps, hydro 

turbines, and propellers, produces noise and extreme vibrations and often get seriously 

damaged due to the cavitation erosion [21]. The damage to these parts causes chronic failure 

of hydraulic machinery [9], resulting in significant economic losses.  

 However, researchers have implemented various design approaches to reduce the 

effects of cavitation erosion [12]. But, low efficiency of these design approaches reduces their 
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use in preventing cavitation erosion [13]. Thus, in recent years, the use of advanced materials 

or surface modification to mitigate cavitation erosion has attracted attention as better solutions 

[81]. The surface modification provides easier and cost-effective solutions to combat the 

cavitation erosion wear [82]. Therefore, many researchers around the world are focusing their 

efforts on addressing this issue through surface engineering. Many techniques have been 

developed and used to improve CER as shown in Figure 2.1. 

Figure 2.1: The chart showing the percentage of research carried out in different areas or 

energy used in surface modification for improvement of cavitation erosion resistance 

 It is clear from the pie chart that almost 70% of total work done since 2000, in the field of 

using surface engineering techniques to improve CER, is coatings/claddings with the use of 

thermal spraying (HVOF) and laser processing. Therefore, an extensive literature survey of 

these well-matured techniques has been carried out.  

2.2  Literature Survey of Available Well-Matured Methods for Improvement of 

Cavitation Erosion Resistance 

2.2.1 Cavitation erosion resistance coatings by using high velocity oxy-fuel technique 

The versatility and higher output of thermal spraying make it the most popular surface 

modification technique. 

Lin et al. in 2021 [83] deposited coatings of WC-10Ni and WC-10Co-4Cr using thermal 

spraying technique (HVOF). This work was focused on the investigation of cavitation erosion 
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resistance of deposited coatings, which contains distinguished binder phase. The deposited 

coatings were tested using seawater (3.5 wt% NaCl) as liquid medium. The effect of flow 

velocity on cavitation erosion resistance was also checked. The WC-10Ni coatings were less 

porous with higher hardness (H) and modulus of elasticity (E) than WC-10Co-4Cr. The volume 

loss and volume loss rate of WC-10Ni coatings were also less at all level of flow velocities. 

The low value of porosity; and higher value of H/E and H3/E2 were identified as main cause 

for higher CER of WC-10Ni coatings. The H/E ratio characterizes the resistance of the material 

to elastic deformation. The H3/E2 ratio allows to estimate the ability of material to dissipate 

energy at plastic deformation during loading. Higher H3/E2 indicates that material can strongly 

withstand against plastic deformation.  The increase in flow velocity influences the volume 

loss rate directly in 3.5 wt% NaCl medium. The debonding of WC particles and cracks 

propagation from defects such as cracks and pits were found main cause for failure of both the 

coatings. 

Hong et al. in 2020 [84] investigated the microstructure and flow velocity relationship with 

cavitation erosion behaviour by depositing the Cr3C2-NiCr and WC-CoCr ceramic-metal 

coatings through HVOF on steel substrate. They also discussed the possible cavitation erosion 

wear mechanisms at different flow velocities using rotating disk rig facility and distilled water 

as test liquid. Their experimental results showed the significantly higher microhardness and 

slightly lower porosity of WC-CoCr coatings, in comparison with Cr3C2-NiCr coatings. Both 

the coatings were well combined with substrate and showed the increase in volume loss rate 

with increase in value of flow velocities. However, the WC-CoCr coatings show less volume 

loss rate than Cr3C2-NiCr coatings at each value of flow velocity. The higher microhardness 

and lower porosity of WC-CoCr coatings, than Cr3C2-NiCr coatings, contributes in 

significantly low volume loss rate. 

Hong et al. in 2020 [85] in 2020 also investigated the flow velocity relationship with cavitation 

erosion behaviour of Cr3C2-NiCr (CN) and WC-Cr3C2-Ni(WCN) ceramic-metal coatings using 

3.5% NaCl as test liquid. The possible wear mechanisms at different flow velocities along with 

microstructures, mechanical properties and electrochemical behaviours have also been 

investigated. The WCN coatings perform better than CN coatings in terms of hardness (H), 

modulus of elasticity (E), ratio of hardness to modulus of elasticity (H/E), H3/E2 and possess 

less porosity.  This leads to significant increase in cavitation erosion resistance and less volume 

loss rate in NaCl medium at each value of velocity flow. The formation of oxide film and 
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pinholes, craters, pits, and micro cracks are reported as the possible wear mechanisms for CN 

and WCN coatings in NaCl medium.  

Ding et al. in 2018 [86] used HVOF to prepare the conventional, multimodal and 

nanostructured WC-12Co coatings on AISI 304. The coatings were prepared with different WC 

particle size to analyse the effect of variation in particle size on cavitation erosion resistance. 

The developed coatings of thickness 420±20 µm were characterized for microstructure, phase 

analysis, porosity, microhardness and fracture toughness. The developed coatings were tested 

for cavitation erosion using vibratory cavitation testing method. The phase analysis through 

XRD study indicates the serious decarburization occurrence in nanostructured coating. The 

unmelted particles of WC in conventional coatings were observed. All the three coatings 

showed higher fracture toughness and denser microstructure. The nanostructured coatings 

possessed least porosity (0.63± 0.11%), followed by multimodal (1.76±0.27) and conventional 

coatings (1.18±0.21). The nanostructured coatings exhibit excellent CER in comparison with 

other developed coatings. The denser microstructure and strong cohesive strength are reported 

as the key factors for improvement in CER. 

Basumatary et al. in 2017 [87] conducted experiments to examine cavitation erosion-

corrosion wear behaviour of nickel aluminium bronze with oxide films.  These films were 

formed: i) in air for 1 week ii) in immersion of 3.5% NaCl solution for 3 months. The 

experiments in three different test conditions, i) in distilled water for pure cavitation ii) using 

OCP (open circuit potentials) for pure in-situ electrochemical corrosion and iii) keeping at OCP 

in 3.5% NaCl solution for synergic effect of cavitation erosion and corrosion, were conducted. 

The performance of air-formed film under synergic effect was significantly more (almost 20 

times) than the water-formed film. The water-formed films experienced pre-existing acid attack 

and corrosion, which results into higher mass loss. However, water-formed film, due to thick 

oxide layer (1-1.2 µm) formed in NaCl solution, shows higher corrosion wear resistance than 

air-formed film. 

Quio et al. in 2017 [88] investigated the effect of oxygen flow, kerosene flow and spray 

distance on cavitation erosion resistance of Fe-based amorphous/nanocrystalline coatings. For 

investigation of effect of selected parameters Taguchi method was used. The coatings were 

prepared by HVOF technique on AISI 321 steel substrate. The authors concluded that the 

kerosene flow is most influential factor followed by spray distance and oxygen flow. The 

cavitation erosion resistance of Fe-based coatings, that were deposited at optimized spray 

parameters (oxygen flow rate 963 L/min, kerosene flow rate 28 L/hour and spray distance 330 

mm), is increased significantly in distilled water. Also, the increase in hardness and decrease 
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in porosity leads to increase in the cavitation erosion resistance. However, the hardness had 

more influence on the cavitation erosion resistance than the porosity. The edges of pores and 

interfaces between half/un-melted particles offered favourable sites for crack initiation, which 

results into the delamination of coating.  

Lavigne et al. in 2017 [89] investigated the effect of HVOF deposition conditions and powder 

ball milling of CaviTec (Fe based alloy) coatings on cavitation erosion resistance performance. 

The coatings deposited at four different conditions: i) unmilled low velocity (UM LV) ii) 

unmilled high velocity (UM HV) iii) ball milled for 6 hours at low velocity (M6 LV) iv) ball 

milled for 6 hours at high velocity (M6 HV), were also compared, in terms of CER, with 

popular cavitation resistant coatings like WC-CoCr and Stellite-6. The raw powder was 

prepared by water atomization technique. The cavitation erosion resistance of all the coatings, 

in terms of mass loss, was evaluated using indirect vibratory cavitation testing method with 

exposure time 480 min, stand-off distance 0.5 mm, amplitude 50 µm and frequency 20 kHz. It 

has been reported that the cavitation erosion resistance of M6 HV is comparable with Stellite-

6 and WC-CoCr due to the high velocity and ball milling, which results into strong bonding 

between splats and less porosity. The defects such as pores and oxides located in splat boundary 

regions offers the initiation sites for cavitation erosion in deposited coatings. The comparison 

of mass loss, as a function of time, of all the studied samples is shown in Figure 2.2. 
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Figure 2.2: Graph of mass loss versus exposure time of all the studied samples [89]  

Peng et al in 2017 [90] investigated the behaviour of pits initiation of Fe- based and stainless 

steel-reinforced amorphous composite coatings. The various electrochemical approaches such 

as electrochemical noise, polarization and scanning kelvin probe were used to investigate 

pitting behaviour. The experiments were carried out in 3.5 wt. % NaCl solution. The pitting 

mechanism is investigated by comparing the microstructure of the composite coating. The 

immersion and electrochemical tests confirm the deterioration in corrosion resistance of 

composite coatings. Also, the in-situ observations indicate the interfaces between amorphous 

matrix and stainless steel as pits initiation sites. The SS particles tend to oxidation during 

thermal spraying processes, which results into formation of nanosized Fe3O4 particles at 

interface of SS phase/matrix. These nanosized Fe3O4 particles contribute for high 

electrochemical activity of composite coatings. Therefore, after immersion for 15 days, the 

corrosion weight loss of composite coatings was approximately 3 times higher in comparison 

with monolithic amorphous coatings.  

Kumar et al in 2016 [91] investigated the relationship between the variation in velocity of 

parameters such as spray particle and the cavitation erosion resistance of 86WC-10Co4Cr 

coatings deposited on SS 410 grade steel by using HVAF and HVOF technique. The spray 

particle velocity for HVOF was kept constant (680 m/s), while for HVAF three values of 
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velocity (865, 960, 1010 m/s) were used. The deposited coatings of 410 µm were characterized 

for microhardness, porosity, phase analysis, fracture toughness and cavitation erosion 

resistance. The indirect vibratory cavitation testing method was used to evaluate the cavitation 

erosion. The coatings deposited by HVAF technique performs better than HVOF, in terms of 

hardness, porosity and cavitation erosion. In particular, the HVAF coating deposited at highest 

spray particle velocity (1010 m/s) exhibits highest microhardness (1473±40 HV), least porosity 

(0.52±0.13%) and CER 3 times higher than HVOF coatings. The possible failure of HVOF 

coatings in the form of delamination is mainly caused by the microcracks of matrix that 

propagates along WC grain boundaries and pull the WC particles from matrix. While, the CoCr 

matrix phase formed in HVAF coatings provides higher crack resistance. The hardness and 

porosity are also reported as significant factor in improvement of CER.  

Hong et al. in 2016 [92] fabricated the FeCrSiBMn amorphous/nanocrystalline and 

conventional WC-10Co-4Cr coatings through thermal spraying technique (HVOF) to 

investigate the synergistic effect of cavitation erosion and corrosion. The cavitation erosion-

corrosion experiments were conducted through magnetostrictive-driven cavitation facility in 

3.5% NaCl solution. The authors concluded that the microcracks and pores act as prefabricated 

cavitation erosion pits and corrosion starts from these sites, which results into high volume loss 

rate. However, the damage of WC-10Co-4Cr coatings in comparison with FeCrSiBMn 

amorphous/nanocrystalline is more due to corrosion component. The authors also concluded 

that the effect of significant damage of both the coatings is mainly caused by pure cavitation 

erosion.  

Hong et al. in 2015 [93] prepared the WC-10Co-4Cr coatings using thermal spraying 

technique to investigate the behaviour and mechanism of cavitation erosion. The experiments 

were conducted using vibratory cavitation testing method using 3.5% NaCl as test liquid. The 

microstructure and porosity of deposited coatings were evaluated. The deposited coating of 

200 µm thickness was found dense and with uniform and compact interface with substrate. The 

average porosity of coated region was reported 1%, however, some regions were observed with 

high porosity. Similar to numerous previous studies, the microcracks and pores are found 

responsible for initiation of cracks, which propagates and joined together to form crater. The 

possible wear mechanisms for the failure of coatings are concluded as i) brittle detachment of 

hard phases ii) erosion of binder phases and iii) formation of pitting corrosion. However, the 

prepared coatings perform 1.27 times better than substrate. 
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2.2.2 Enhancement of cavitation erosion resistance using laser as a heating source 

The electromagnetic energy (like laser) is widely used for surface modification to enhance 

CER. The different laser processing methods such as cladding, laser sintering, laser surface 

melting and laser surface alloying, have been successfully used to increase the CER. The laser 

cladding provides better control over dilution and finer microstructure.  

Zhang et al. in 2021 [94] used laser cladding and supersonic laser deposition technique to 

develop the clads of Stellite-6 on 17-4 PH stainless steel substrate. Different characterization 

-indentation were used 

to characterize the developed clads. The comparative CER performance of developed clads 

was investigated by vibratory cavitation apparatus using 3.5% NaCl as test liquid. The results 

show that clads developed by supersonic laser deposition technique performs 3.5 times better 

than laser cladding in same experimental conditions. The reasons attributed to the higher CER 

were the grain refinement, higher hardness and low dilution rate.  However, the clads developed 

by supersonic laser deposition technique possess higher porosity than laser processed clads; 

and also, the pores act as initiation sites for cavitation erosion wear; the combined effect of low 

dilution rate, high hardness and grain refinement results in lower value of cumulative mass 

loss. 

Bao et al. in 2021 [18]made an attempt to improve the cavitation erosion resistance of Q235 

steel by deposited the coatings of the high entropy alloy FeCoCrNiB0.2+ xWC (where x is 

0%,10% and 20% by wt.) by using laser cladding. The effect of addition of tungsten carbide 

(WC) on microhardness and cavitatio

tester and vibratory cavitation apparatus was used to check microhardness and cavitation 

erosion wear, respectively. Both distilled water and 3.5% NaCl solution were used as test liquid 

to check the cavitation erosion resistance of developed clads. The highest microhardness and 

least cumulative mass loss was exhibited by the clads with highest concentration of WC (20% 

by wt.). The reason attributed to higher mass loss in the clads with lower concentration was the 

presence of chloride ions, which associate with cavitation erosion; and combined effect of 

corrosion-cavitation erosion accelerates the damage. By the addition of WC up to 20% by wt., 

the depth of pits reduced significantly and helped to weaken the effect of cavitation damage. 

Yin et al. in 2020 [22] used electromagnetic energy (laser) to deposit claddings of high entropy 

alloys (AlCoCrxCuFe) on AISI 304 substrate. The percentage of Cr was varied (0.5,1,1.5 and 

2) to study the effect of variation on phase transformation, micro-mechanical properties, 

microhardness and cavitation erosion resistance. The microstructure study of developed 

coatings of HEAs showed the duplex phase of BCC and FCC. The gradual increase in FCC 
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phase content with increase in Cr content was observed by the authors. The microstructure 

study showed the dendritic structure in BCC phase and interdendritic structure in FCC phase. 

It was observed that the increase in Cr content also increases the volume loss rate and the best 

cavitation erosion resistance was observed in AlCoCr0.5CuFe HEA. The results of volume loss 

rate against exposure time of all the samples are presented in Figure 2.3. 

 

Figure 2.3: Cumulative volume loss versus exposure time graph of all the samples [22] 

E et al. in 2019 [95] produced nickel-based and cobalt-based clads using TIG welding and 

laser cladding techniques. The produced clads were compared in terms of cavitation erosion 

(CER) and slurry erosion resistance (SER).  The microstructure, phase constitution, 

elastoplasticity and hardness of all the developed clads were also analysed. The results 

exhibited that the CER of cobalt-based clads is higher (2.5 times) than nickel-based clads. On 

the other hand, the nickel-based clads perform extremely well (8.4 times) than cobalt-based 

clads in the terms of SER. The repeated impingement of micro jet flow results into the 

- -Co of cobalt  based clads. This leads to dissipation 

of impact energy and higher CER than nickel-based clads. Contrary, in the slurry erosion the 

damage was governed by the cutting and ploughing action due to the impingement of sand 

particles at small impact angles. Therefore, without the phase transformation, the low hardness 

and elastoplasticity of cobalt-based clads be the cause of low SER of cobalt-based clads than 

nickel-based clads.   
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Hardes et al. in 2019 [96] investigated the cavitation erosion resistance of the selective laser 

melted SS-316L steel. It was observed that increase in hardness and yield strength of selective 

laser melted SS-316L steel results in significantly increase in incubation period. The increase 

in hardness was attributed to the finer grain size and increased dislocation density. XRD study 

after cavitation testing exhibited the development of compressive stresses in severe form. These 

also emerge after some time (a few seconds) of cavitation testing. However, due to these 

compressive stresses, restricts the immediate propagation of micro cracks. Also, the 

microstructure and damaged surface morphology highlighted the emergence of coarse grains, 

which leads to increase in surface roughness, increase in cavitation impact and local stress 

concentration.   

Girelli et al. in 2018 [97] conducted the experiments to compare the cavitation erosion 

resistance of AlSi10Mg samples; manufactured by traditional casting process and Direct Metal 

Laser Sintering (DMLS) additive manufacturing process. The prepared samples were tested in

different testing conditions in order to investigate the effect of T6 heat treatment and hot 

isostatic pressing (HIP) for DMLS; and in as-cast and T6 heat treatment conditions for 

traditional cast samples. The vibratory cavitation testing method (ASTM-G-32) was used for 

cavitation erosion testing. The samples produced by DMLS technique shows high CER and 

longer incubation period than traditionally cast samples. The ultra-fine microstructure of 

DMLS processed samples restricts the dislocation motion; and ultimately the significant less 

material loss value is reported. The heat treated samples showed less CER due to the coarsening 

of microstructure and increased porosity. However, the application of HIP results into 

reduction of detrimental effect of T6 heat treatment and lesser mass loss was recorded. The 

cumulative mass loss of all the samples after 1 hour and 8 hours is presented in Figure 2.4.

Figure 2.4: CML versus exposure time a) from 0 to 60 min b) up to 8 hours [97]

Wu et al.in 2017 [98] used the laser surface alloying method to deposit the coatings of high 

entropy alloys (FeCoCRAlNiTiX) on SS-304 substrate using laser surface alloying method. 
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The titanium was added and molar ratio was varied from 0 to 2 in order to investigate the effect 

of variation on cavitation erosion and corrosion resistance.  The distilled water and 3.5% NaCl 

were selected as test liquid. The increase in Ti content influences the microhardness in the 

straight manner. The microhardness with highest Ti content alloy was found almost 3.6 times 

more than substrate. The presence of intermetallic leads to higher fracture and deformation 

resistance, which help to increase the cavitation erosion resistance of HEA than substrate in 

distilled water. On the other hand, the intermetallic act as cathodic phase, which reduces the 

microcell corrosion and results into poor corrosion resistance of HEA in 3.5% NaCl solution. 

Therefore, HEA coatings shows less CER than substrate in 3.5% NaCl solution. The mean 

depth of erosion, against the exposure time, results of all the samples are shown in Figure 2.5.  

 

Figure 2.5: Cumulative mean depth of erosion versus exposure time graphical representation 

of all the samples [98] 

Zhang et al. in 2016 [99]aimed to improve cavitation and corrosion resistance by developing 

NiCrSiB layer on Monel 400 using laser cladding technique. The developed clads were 

characterized for microstructure, chemical compositions, microhardness and phase 

constituents. A potentiodynamic polarization measurement and ultrasonic vibrator was used to 

evaluate the corrosion and cavitation erosion resistance, respectively. The results show that a 

hard layer with less defects such as air holes and cracks can be developed by varying the laser 

fluence. The developed clads (850 HV) exhibits almost 6.8 times more microhardness than the 
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Monel 400 substrate (125 HV). The developed clads perform better than substrate in both 

cavitation erosion and corrosion environment. The reason attributed for higher cavitation 

erosion resistance was combination of high hardness and toughness. 

Singh et al. in 2014 [100] developed clads of stellite-6 on 13Cr - 4Ni steel using laser as heat 

source. The clads were developed at varied energy densities of laser i.e. 32, 37, 46 and 52 

J/mm2. The developed clads were tested for cavitation erosion and solid particle erosion. The 

developed clads, at varied laser energy densities, have been characterized for dilution, clad 

geometry, microhardness and microstructure. The highest microhardness (705 HV) of 

developed clad of thickness 1 mm was reported at 32 J/mm2. The minimum dilution (4.48%) 

was reported at 32 J/mm2. However, a sharp increase in dilution percentage with increase in 

energy density was also observed. Also, the CER and SPE of clads developed at 32 J/mm2 was 

maximum. The damaged surface morphologies at different energy densities and untreated 

sample has been shown in Figure 2.6.  
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Figure 2.6: Damage surface morphologies at lower and higher magnification of a), b) 

untreated samples c), d) clad samples at 32 J/mm2; e), f) clad samples at 37 J/mm2; g), h) clad 

samples at 52 J/mm2 [100]



39 
 

Paul et al. in 2014 [101] investigated the wear behaviours of Laser processed Mecto41C (iron 

base alloy), stellite6 (Co-based alloy), and Colmonoy5 (nickel base alloy) claddings on 

stainless steel (SS 316L). The laser cladding was optimized using a 3.5 kW CO2 laser-based 

system. The process parameters such as powder feed rate, scan speed, gas flow rate and laser 

power were found critical and experimentation was carried out to find the optimized 

parameters. The authors did not observe any significance difference in microhardness between 

single layer and double layer clads. However, the bonding and dilution of single layer clads 

were not satisfactory. The optimized process parameters (laser power- 1.6 kW, powder feed 

rate- 8 g/min, and scan speed- 0.6 m/min) were used for final experimentation. The cavitation 

erosion resistance of stellite-6, Metco-41C, and colmonoy-5 has been increased by 4.1, 3.7, 

and 1.6 times than substrate.  

  The literature survey shows that HVOF and laser processing techniques are well 

developed and used extensively to enhance CER, but, these techniques possess limitations 

(discussed in detail in section 1.5). Therefore, a novel material processing technology is 

required to overcome the existing limitations of currently used technologies.  

2.3 Microwave Processing of Materials 

The microwave energy can be effectively used as a heating source for processing of materials. 

This has the potential to overcome limitations of earlier used technologies. Earlier, most of the 

researchers focused on microwave processing of ceramics and cermet, because the absorption 

of microwave radiation by some ceramics, even at the ambient temperature, promotes diffusion 

rate at lower temperatures, which results in better mechanical and metallurgical properties 

[102], [103]. Also, it was a myth earlier that metals do not absorb microwaves.  Walkiewicz 

et al. (1988) [104] and Narasimhan et al. (1995) [105] exposed the metals to microwaves at 

2.45 GHz frequency in microwave oven, and reported the moderate heating from 120º to 768º 

C and 370º for Fe-alloys, respectively. Later, the researchers explored the opportunities in the 

fully by metals and vice versa. The inherent properties of ceramics still attract the researchers 

and a lot of engineering applications need the combined properties of both metals and ceramics. 

Hence, the metal matrix composites can be a plausible solution to get the desired properties. 

The use of microwave energy to process metals and MMCs has been briefly discussed in this 

section. 
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2.3.1 Microwave sintering of metals/MMCs  

Sintering process involves the compacting of loose powder and then heating it below the 

melting temperature to make a solid object. In past, the compact powder was sintered through 

resistance heating. In the recent years, the sintering of various materials has been successfully 

achieved using microwave as a heating source. The sintering of various materials was achieved 

in shorter processing time with better microstructures. The first successful sintering of metallic 

materials was reported by Roy et al. in 1999 [66]. The authors successfully processed Fe + Cu 

(2%) + graphite (0.8%) metallic samples for 30 minutes at 1200º C in microwave field. Cheng 

et al. in 1999 [106] used the microwave hybrid heating technique to successfully sintered the 

diamond-CuTi composites. The authors used SiC cavity with 2% starch and ZrO2 powder as 

microwave susceptor and insulation materials. The well bonded diamond particles with CuTi 

matrix with no traces of graphitization of diamond particles were reported by the authors. In 

recent studies, Honnaiah et al. in 2017 [107] used microwave technology to process Al-SiCp 

metal matrix composites. The processed composites were studied for tribological 

characteristics (sliding wear) using pin on disc tribometer. The faster processing of composites 

and improved wear characteristics by addition of reinforcement were reported by the authors.  

Ashwath et al. in 2018 [108] fabricated and characterized 

of SiC and Al2O3 as reinforcement in varying percentage (3,6,9) %.   The processing through 

microwave route was reported beneficial to enhance the mechanical properties and refinement 

in microstructures. The authors reported that Al2O3 as compared to SiC had more effect on 

hardness, for the both composites, due to better bonding. Himyan et al. in 2018 [109] used the 

microwave sintering technique to synthesize the Al matrix composites with addition of SiC 

nanoparticles (0.3, 0.6, and 0.9 vol.%) as reinforcement. The processed composites were 

investigated for the conductivity behaviour, physical, microstructure and mechanical 

properties. The compression strength and yield strength were also investigated. It has been 

reported that addition of reinforcement results better mechanical properties and the processed 

composites were found suitable for industrial and manufacture applications. Rumman et al. 

in 2019 [110] sintered two distinguished types of WC-Co samples, with the help of microwave 

energy, at varying temperatures. The authors suggested that the energy transfer at atomic level 

significantly helps in improvement in quality of sintered product. The overall reduction in 

energy consumption and increment in toughness and hardness is also reported by the authors. 

Prakash et al. in 2020 [111] 

and 20) composites using microwave sintering technique.  The effect of input process 

parameters, such as weight percentage of hydroxyapatite, sintering temperature and 
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compacting pressure, was analysed on the compressive strength, structural porosity, and elastic 

modulus of sintered composite. The pores of 20-30 µm in size helps to enhance the bioactivity 

of material and also reduces the elastic modules of sintered product. The properties like highly 

porous structure, high compressive strength, low elastic modules along with enhanced 

corrosion resistance and bioactivity make the sintered product a suitable candidate for 

orthopaedic applications. Kumar et al. in 2020 [112] optimized the range of microwave 

sintering parameters in order to achieve the better mechanical and physical properties of 

magnesium-based metal matrix composite (Mg3Zn1Ca15Nb). Also, the effect of independent 

parameters on physical/mechanical properties was investigated. It was reported that increase 

in heating rate helped to reduce micro cracks and agglomeration of heavier particles; which 

results into improvement of sintered density and ultimate compressive strength. The increase 

in sintering temperature significantly reduces the porosity. The holding time till 40 min results 

into formation of highly dense structure. Kumar et al. in 2021 [113] successfully sintered the 

hybrid aluminium metal composite (h-AMMC) with varying percentage of MWCNT 

reinforcement using microwave hybrid heating technique. The sintered composites were tested 

for mechanical and tribological properties. The authors reported that the MWCNT played a 

significant role in the hardness improvement of the h-AMMCs. Wear and friction properties of 

h-composite found better than aluminium matrix and Al- SiC composite. 

2.3.2 Microwave joining of metals/MMCs 

The permanent joining of materials found wide applications in manufacturing and assembling 

industries. Welding, soldering and brazing are widely used conventional techniques for joining 

in industries. These techniques are associated with some limitations in regard to processing 

time, joint characteristics, environmental issues, easy processing and materials to be joined. To 

overcome above limitations, joining of materials using microwave energy is successfully 

achieved by many researchers in past. Siores and Rego in 1995 [114], reported the 

successfully brazing of thin sheets of steel, ranging between 0.1 to 0.3 mm in thickness, using 

a magnetron of 2 kW. Srinath et al in 2011 [70] reported the successful joining of bulk copper 

plate and bar of dimensions 15 mm × 12 mm × 4 mm and 12 mm × ø18 mm, respectively. 

Despite the fact that the copper is difficult to join by conventional methods due to its high heat 

conduction capacity, the complete melting of Cu powder layer of thickness 0.5 mm, placed 

between the two candidate materials, and metallurgical bonding with substrate material was 

successfully achieved in a domestic microwave oven of 900 W power and 2.45 GHz frequency. 

The observed porosity and hardness in the joint were 1.92% and 78±7 HV. The same authors 
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in the same year extended their research for other materials also and reported successful joining 

of bulk SS-316 in the domestic microwave oven[115].  The value of microhardness at interface 

was observed as 420±15 HV and average value of microhardness in joint was observed as 

290±15 HV. The authors also conducted the experiments for successful joining of dissimilar 

metallic materials and reported the successful joining of bulk SS 316 and mild steel (MS) [116]. 

The findings of their work consists the well fused faying surfaces and metallurgical bonding 

with either side of substrate surface. The evidences of metallic carbides and cementite 

formation were found by the XRD study. The high hardness (133 HV) and less porosity (0.58 

%) in the joint region was reported. Bansal et al. in 2013 [117] successfully joined the MS 

plates through microwave hybrid heating route using Ni powder, in between the plates, as 

interface layer. The significant increase in microhardness (420 ± 30 HV) and complete melting 

of interface layer, which formed metallurgical bond between MS plates and interface powder 

particles, was reported. Gupta et al. in 2015 [118] reported the successful joining of bulk cast 

iron. The presence of iron oxide phases in the joint region confirmed the intermixing of 

elements and supported the claim of metallurgical bond between the powder and substrate 

surface. Gamit et al. in 2017 [119] studied the influence of interface powder particle size on 

the heating mechanism. It was reported that the heating of interface layer, for good fusion of 

candidate material with interface layer, can be improved by decrease in particle size. The 

increase in hardness of joint region (572 HV) than the base metal (397 HV) was observed.  

Singh et al. in 2018 [120] successfully joined the Hastelloy through MHH route.  The authors 

reported that the joint region was defect and crack free; and cellular grain growth in the joint 

region was observed. The unique nature of volumetric heating of MHH was reported as prime 

cause for finer microstructure. Bansal et al. in 2019 [121] achieved butt joining of Alloy-718 

in industrial microwave oven. The weldments joined by MHH technique reveals complete 

melting of powder particles and perfect diffusion bonding between parent materials. The heat 

treatment of fabricated weldments with conventional methods was carried out. The authors 

found the post heat treatment beneficial for increase in microhardness of fusion zone due to 

dissolution of the Laves phase. Pal et al. in 2020 [122] used MHH technique to join SS-304 

and SS-316 at optimized parameters. The authors also investigated the effect of input 

parameters such as type of material, processing time and grain size of filler material on the 

output parameters such as micro hardness and micro tensile strength. The grain size of filler 

material was found most influential parameter after type of material. The processing time was 

found least influential input parameter in this domain of study. The dense metallic 

microstructures in joint region were found helpful for improvement in microhardness and 
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micro tensile strength. Samyal et al. in 2021 [123] successfully joined the lap joint specimens 

of SS202-SS202. The authors also modified the crucible setup, for better masking, to avoid 

arcing during heating process. The characteristics result show that joints produced at optimized 

parameters exhibit better bonding. The voids created by evaporated epoxy were filled by 

melted nickel powder with increase in exposure time. However, the amount of both the 

powders also played a decisive role in filling the cavities. The increase in exposure time failed 

to fill the voids when amount of epoxy was greater than nickel powder.    

2.3.3 Microwave casting of metals/MMCs 

The metal casting process is the primary and economical processes to produce useful 

components in industries. The conventional methods of casting are associated with certain 

limitations like unusual longer melting times, higher defects and higher energy consumptions. 

The researchers minimised the above-mentioned limitations, up to some extent, with use of 

non-conventional (laser melting) techniques, but, high set up costs of these non-conventional 

methods motivated the researchers to investigate novel low cost technologies that can deliver 

clean and green energy. Singh et al. in 2016 [124] introduced a novel process on the 

development of metal ceramic castings using microwave hybrid heating technique. The same 

authors in the same year reported the successful development of composites castings of EWAC 

(Ni based metallic powder) and SiC powder as matrix and reinforcement, respectively, using 

microwave heating[125]. The developed castings exhibit the uniform dispersion of 

reinforcement with uniform equiaxed grain growth. The higher value of microhardness 

(920±28 HV) and lower value of porosity (1.7%) was reported. Gouthama et al. in 2017 [126] 

melted bulk tin (60Sn40Pb) in conventional muffle furnace and microwave oven to compare 

the mechanical properties. It has been observed that microwave processed specimen perform 

better than muffle furnace processed specimen in terms of tensile strength (10 % higher) and 

microhardness (19.28% higher). Lingappa et al. in 2017 [126] conducted experiments to study 

the parameters such as consumption of energy, time and material wastage by melting the non-

ferrous metallic metals in microwave oven and conventional muffle electric furnace. The 

successful melting of aluminium, zinc, brass and tin using MHH was reported. It was reported 

that the microwave melting process consumed significantly less time and energy with much 

lesser material wastage. The volumetric heating nature of MHH helped to achieve lesser 

material wastage due to involvement of reduced thermal gradient.   Mishra et al.  in 2018 

[127] studied the role of formation of oxides during microwave heating. The effect of oxides 

formation in ambient temperature inside the mould cavity of three target materials aluminium, 
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copper and SS-316 was studied. It was reported that formed oxides influences the heating of 

exposed target materials. The reduction in heat transfer at low temperature is caused by formed 

oxides, whereas, at elevated temperature these formed oxides helped in absorption of 

microwaves. Mishra et al. in 2018 [128] studied the effect of processing conditions on mold 

preheating, charge melting, and cast microstructure. The Al 7039 alloy was cast inside the three 

different applicators A1 (900 W), A2 (1400 W), and A3 (3000 W) and mold temperature was 

analysed. The experimental and simulation results showed comparable agreement (error within 

±5%). It was observed that the cast structure highly depends upon solidification conditions.  

Singh et al. in 2019 [129] successfully melted the nickel based (EWAC) and silicon carbide 

(SiC) reinforced metal matrix composite using microwave energy. The experiments were 

melted.  The volumetric heating property of microwave energy helps in formation of fine 

equiaxed grains. The uniform dispersion of SiC particles inside EWAC matrix, formation of 

silicides and carbides and grain strengthening mechanism were found helpful in increase in 

microhardness. The fractured sample after tensile test was examined and it was observed that 

addition of SiC reinforcement shifts the fracture mode from ductile to mixed (brittle+ductile). 

Singh et al. in 2020 [130] extended their previous work and explored the dry sliding wear 

behaviour of EWAC based and X%SiC reinforced MMCs processed through microwave 

energy. The mechanisms involved for degradation of material were also investigated. The 

authors reported that the formation of oxide based tribo-layers help in reduction in weight loss 

by avoiding the direct contact; and as a barrier between the surfaces. The weight loss 

mechanisms were significantly affected by variation in sliding velocities. The authors observed 

that after 1000 m sliding distance the rate of weight loss was stable as compared to higher 

weight loss rate at initial run. The increase in normal load also increases the rate of weight loss. 

Gangwar et al.  in 2020 [131] melted the AA-6063 using microwave hybrid heating technique 

and investigated the effect of three process parameters; i.e. solidification environment, 

microwave power and susceptor material on the hardness of cast AA-6063.The authors used 

Taguchi L9 orthogonal array for experimentation. The maximum hardness was reported at 900 

W power; susceptor material was SiC and cast was placed outside the cavity for solidification. 

2.3.4 Microwave processed metallic/MMCs claddings on metallic substrate 

Since a long time, the metallic claddings on metallic substrate were not feasible due to the 

reflection of microwaves at room temperature by the metallic materials. The interaction of 
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skin depth, in simple terms, is depth upon which the microwaves can penetrate without losing 

their significant power. The skin depth is inversely propositional to the electrical conductivity 

of material. Therefore, the highly conductive metals are challenging to process through 

microwave at room temperature. To tackle this problem, Gupta et al. in 2010 [132] filed an 

Indian patent for a new technique, microwave hybrid heating for development of claddings of 

metallic and non- metallic powders on metallic substrate using microwave as a heating source. 

The authors successfully developed the clads of EWAC (Ni-based powder) on steel substrate 

(SS 316) through MHH. The well metallurgical bonded clads of 1 mm thickness were observed 

as without any visible discontinuity and interfacial cracks. The presence of distinguished 

phases such as Cr23C6, FeNi3 and NiSi was confirmed and the average microhardness in the 

clad region was observed as 304 ± 48 HV. Gupta et al. in 2011 [133] also developed the clads 

of Cu material on steel substrate (SS 316) using MHH route. The developed clad were 

homogenous, uniform and dense. The observed microhardness in the clad region was 270 ± 30 

HV. Zafar et al. in 2013 [134] reported the successful development of inconel 718 on steel 

substrate (SS 304) using MHH method. The clads were developed inside a domestic microwave 

applicator of 2.45 GHz frequency and 900 W power. The processing time was reported 720 s. 

The defects (pores, interfacial cracks) free clads with the formation of phases of chromium 

carbides and Ni3Ti, in the clad region, were reported. Gupta et al. in 2014 [135] reported the 

development of tungsten carbide (WC) based WC10Co2Ni cermet powder on SS-316 substrate 

through MHH route inside a domestic microwave applicator. The presence of uniformly 

distributed tungsten particles and carbides in the clad region is attributed to increase in 

microhardness of the clad region. Kaushal et al. in 2016 [136] successfully developed the 

EWAC based and SiC (10% by wt.) reinforced clads on SS 420 substrate in domestic 

microwave oven. The authors reported that clads of ~1.25 mm thickness were developed in 

720 s. The well metallurgical bonded and defects free developed clads exhibit average 

microhardness as 652±90 HV. Singh et al. in 2018 [137] reported the successful development 

of EWAC+10% Al2O3 composite clads in microwave exposure time of 300 s on SS 304 

substrate. The randomly dispersed hard facing particles(Al2O3) inside the tough nickel matrix 

were confirmed from microstructural analysis. The developed clads show 3.5 times more 

average hardness value than substrate. Mago et al. in 2020 [138] reported the successful 

development of EWAC+40 Cr3C2 composite clad. The defect free clads exhibits excellent 

average microhardness (605±80 HV) along with high flexural strength (813.23±16.29 MPa) 

s porous clad region was 

attributed to high flexural strength and fracture toughness.  
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The Figure 2.7 shows, the use of the different types of hard reinforcements to produce 

composite clads. It shows that the development of microwave processed composite clads for 

different applications has a wide scope as per their requirements or need for working 

environment.    

 

Figure 2.7: Bar chart showing the different type of reinforcement used to develop microwave 

processed clads 

2.4 Tribological Performance Study of Microwave Processed Clads  

The microwave processed clads have been tested for different tribological applications. Gupta 

et al. in 2011 [139] developed WC10Co2Ni clads on SS 316L substrate. The developed clads 

of thickness approximate 2 mm exhibit significantly less porosity (0.89%) and high average 

microhardness (1064±99 HV). The developed clads were tested for sliding wear and it has been 

reported that resistance to sliding wear of clad surface had increased by 84 times. The summary 

of available literatures on the various tribological studies investigated by various 

researchers/academicians is further presented in the tabular form (Table 2.1) for better 

understanding.  
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Table 2.1: The available literature on different type of wear studies of microwave clads. 

S.No. Paper Title 

Author 

& Year 

 

Substrate 

Material 

Coating 

Material 

Observations & 

Conclusion 

Type of 

Wear 

Study 

Carried 

Out 

 

1 

Investigation on 

sliding wear 

performance of 

WC10Co2Ni 

cladding 

developed 

through 

microwave 

irradiation 

Gupta 

et al. 

2011 

[139] 

SS-316L 
WC10Co-

2Ni 

Developed clads of 

thickness ~2 mm exhibits 

average microhardness 

1064±99 HV and 

significantly less porosity 

(0.89%). 

Resistance to sliding wear 

of clad surface had 

increased by 84 times. 

The variation in sliding 

speed does not affect the 

wear. 

Sliding 

Wear 

 

 

2 

Dry erosion 

wear 

performance of 

Inconel 718 

microwave clad 

Zafar 

et al. 

2014 

[140] 

SS-304 Inconel 718 

Developed clads of 

thickness ~1 mm exhibit 

average microhardness 

564±22 HV. The 

intermetallic phases (Ni3Ti, 

Ni3Al) in the tough nickel 

rich matrix improved the 

erosive wear performance 

of the Inconel 718 clads. 

The clads perform better at 

lower impact angle against 

erosive wear than higher 

impact angle. 

Erosive 

Wear 
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3 

Abrasive Wear 

Behaviour of 

Inconel 718 

Microwave 

Clad 

Zafar 

et al. 

2014 

[141] 

SS-304 Inconel 718 

The abrasive wear behaviour 

of developed clads were   

analysed. 

It has been reported that the 

reduction of approximately 

70% in average cumulative 

weight loss for Inconel 718 

clads was observed. 

Abrasive 

Wear 

4 

Microstructure 

and Abrasive 

Wear 

Performance of 

Ni-Wc 

Composite 

Microwave 

Clad 

Bansal 

et al. 

2015 

[142] 

Mild Steel Ni-WC 

The clads of thickness 1 mm 

at 2.45 GHz frequency and 

power 1.1 KW were 

developed. The average 

microhardness (1028±90 

HV) of the clad layer was 

observed. The developed 

clads show 70% higher wear 

resistance than the mild steel 

substrate. The XRD 

spectrum of the deposited 

clad indicated the presence 

of WC, W2C, Ni2W4C, 

Fe6W6C, FeNi3, NiSi, and 

Fe-Cr-Ni. 

Sliding 

Wear 
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5 

Dry sliding 

wear 

performance of 

nanostructured 

WC  12Co 

deposited 

through 

microwave 

cladding 

Zafar  

et al. 

2015 

[143] 

SS-304 

Nanostruct-

ured 

WC 12Co 

The micrometric and 

nanometric clad powders of 

WC 12Co were used to 

develop clads using MHH 

technique. Clad Thickness  

1 mm. The observed value 

of microhardness of 

nanometric clad layer was 

more (1564±53 HV) than 

the micrometric clad 

layer1138±90 HV. 

The high volume fraction of 

nanocarbides were  

uniformly distributed in the 

clad region which results 

into ~54% high resistance to 

sliding wear. 

Sliding 

Wear 

6 

On Friction 

and Wear 

Behaviour of 

WC-12Co 

Microwave 

Clad On 

Friction and 

Wear 

Behaviour of 

WC-12Co 

Microwave 

Clad 

Zafar  

et al. 

2015 

[144] 

AISI 304 WC-12Co 

The reduction of 67% and 

56% in wear rate and 

friction coefficient, for WC-

12Co microwave clad of 

thickness ~1 mm in 

comparison of AISI 304 

substrate, was reported by 

the authors. The low friction 

coefficient in the case of 

WC-12Co clads can be 

attributed to the high 

hardness. 

Sliding 

Wear 
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7 

Prediction of 

Tribological 

Behaviour of 

WC-12Co 

Nanostructured 

Microwave 

Clad through 

ANN 

Zafar 

 et al. 

2016 

[44] 

 

SS-304 

Nano- 

structured 

WC 12Co 

The prediction of coefficient 

of friction and wear rate of 

microwave processed 

conventional-WC and 

nanostructured-WC clads 

were carried out using ANN 

model. Three input variable 

chosen for ANN model 

were nature of 

reinforcement, sliding 

distance and normal load.   

ANN model predicted the 

coefficient of friction and 

wear rate with good 

accuracy. The analysis of 

worn samples of CWC clad 

reveals deeper wear, 

whereas, for NWC 

microwave clad it was 

relatively smooth. This 

indicates the higher sliding 

wear resistance. 

Sliding 

Wear 

8 

Abrasive and 

erosive wear 

behaviour of 

nanometric WC 

 12Co 

microwave 

clads 

Zafar 

et al. 

2016 

[19] 

SS-304 
Nano 

WC 12Co 

Microwave processed WC-

12Co micrometric and 

nanometric powder clads 

were developed on SS-304 

and tested for abrasive and 

erosive wear. The 

nanometric clads exhibit 

1.37 times higher 

microhardness than 

micrometric clads. The 

nanometric clads also 

perform 1.6 and 3 times 

better in terms of abrasive 

and erosive wear behaviour, 

respectively. 

Erosive  

and 

Abrasive 

Wear 
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9 

Microstructure 

and 

experimental 

design analysis 

of nickel-based 

clad developed 

through 

microwave 

energy 

Hebbale 

et al. 

2016 

[145] 

 

 

SS-304 
Nickel-

Based Clads 

The microwave processed 

nickel based clads were 

developed and parameters 

were optimized by using 

Taguchi L9 orthogonal 

array. The crack free 

structure was developed in 

which significant less wear 

rate (0.03363 - 0.03570 g) 

was found. The slurry speed 

and impingement angle were 

reported as most influencing 

parameters in terms of mass 

loss. 

 

Slurry 

Erosion 

 

10 

Taguchi 

analysis on 

erosive wear 

behavior of 

cobalt based 

microwave 

cladding on 

stainless steel 

AISI-420 

Hebbale 

et al. 

2017 

[146] 

AISI-420 
Cobalt 

Based Alloy 

The factors that significantly 

affect the wear was gauged 

using Taguchi orthogonal 

array. ANOVA was used to 

determine the significant 

factors. It was observed that 

slurry speed influenced the 

most in causing mass loss 

and size of sand particles 

and impingement angle were 

after that for both substrate 

and clad surface. The 

different erosion 

mechanisms of worn surface 

were observed like fractures, 

ploughing and micro cutting, 

which indicates mixed mode 

of erosion. 

Sliding 

Wear 

 



52 
 

11 

Fuzzy 

prediction of 

slurry erosive 

behaviour of 

cobalt-based 

clad developed 

through 

microwave 

energy 

Srinath 

et al. 

2017 

[147] 

AISI-420 

 

Cobalt 

Based Clad 

Taguchi L9 orthogonal array 

was used to optimize the 

factors that affect the wear. 

The effect of factors like 

slurry speed, particle size 

and impingement angle were 

studied and slurry speed was 

found most significant 

factor.   The widely accepted 

fuzzy logic modal was 

adapted to predict the slurry 

erosive wear behaviour. The 

obtained results were 

compared experimental 

results and comparable error 

(13.80%) was reported. 

Erosive 

Wear 

 

12 

On 

Microstructure 

and Wear 

Behaviour of 

Microwave 

Processed 

Composite Clad 

Kaushal 

et al. 

2017 

[148] 

SS-304 

Ni + 

20% 

WC8Co 

Developed clad of 1.2 mm 

thickness exhibit significant 

higher average 

microhardness (840±20 

HV), and less porosity 

(1.2%). The significant 

increase in wear resistance 

(7 times) was reported. The 

presence of different phases 

such as Cr23C6, NiSi, NiCr 

was confirmed from XRD 

study. 

Sliding 

Wear 

 

13 

On the surface 

modification of 

austenitic 

stainless steel 

using 

microwave 

processed Ni / 

Cr 3 C 2 

composite 

cladding 

Kaushal 

et al. 

2017 

[149] 

SS-304 
Ni + 

20%Cr3C2 

Developed clad of 0.6 mm 

thickness exhibit significant 

higher average 

microhardness (450±55 

HV), and less porosity. The 

significant increase in wear 

resistance (3 times) was 

reported. The presence of 

different phases such as 

Cr3C2, FeNi3, NiSi, Cr3Ni2 

was confirmed. The 

reinforcement powder 

Sliding 

Wear 
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(Cr3C2) was uniformly 

dispersed into soft Ni matrix 

and form a cellular structure. 

 

14 

Sliding wear 

studies of 

microwave clad 

versus unclad 

surface of 

stainless steel 

304 

Akshata

et al. 

2018 

[150] 

SS-304 WC-12Co 

In this study, input 

parameters such as sliding 

speed, sliding distance and 

normal load were selected 

and using Taguchi 

orthogonal array, wear 

studies were conducted. 

The clad surface performs 

significant well (0.001g) 

than unclad surface (0.043g) 

in terms of wear rate. The 

transfer of material between 

clad and counter surface was 

noticed at higher load (40N). 

Sliding 

Wear 

 

15 

On 

Development 

and Dry Sliding 

Wear 

Behaviour of 

Microwave 

Processed Ni / 

Al2O3 

Composite Clad 

Singh 

et al. 

2018 

[137] 

AISI 304 
Ni + 

10% Al2O3 

The domestic microwave 

oven was used to develop 

the alumina reinforced and 

Ni based clads. Developed 

clad of 0.6 mm thickness 

exhibit 3.5 times higher 

average microhardness 

(710±45 HV), than the 

substrate. The sliding wear 

studies were conducted on 

pin on disc type tribometer 

for developed clads. The 

excellent wear resistance 

(156 times) has been 

achieved. The failure 

analysis shows the craters 

and groove formation 

mechanism as responsible 

wear mechanism for clad 

material, whereas, plastic 

deformation was responsible 

for failure of substrate. 

Sliding 

Wear 
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16 

Processing of 

Ni  WC  

Cr3C2 -based 

metal matrix 

composite 

cladding on SS-

316L substrate 

through 

microwave 

irradiation 

Kaushal 

et al. 

2018 

[46] 

SS-316 L 

Ni+ 

10%WC8C

o+10% 

Cr3C2 

Developed clad of 0.85 mm 

thickness exhibit 1.6 times 

higher average 

microhardness (503±34 

HV), than the substrate. The 

significant increase in wear 

resistance was reported. The 

dilution of Fe from substrate 

results into presence of 

observed phases FeNi3, 

Fe6W6C, Fe7C3, which 

confirms the metallurgical 

bonding between clad 

powders and substrate. 

Sliding 

Wear 

 

17 

Investigation of 

Dry Sliding 

Wear 

Behaviour of 

Ni-SiC 

Microwave 

Cladding 

Kaushal 

et al. 

2018 

[136] 

SS-420 
Ni + 10% 

SiC 

Developed clad of 1.25 mm 

thickness exhibit 3 times 

higher average 

microhardness (652±90 

HV). The presence of 

different phases such as 

Fe2Si, CrSi2, Cr23C6, C3Cr7 

was confirmed from XRD 

study. The wear resistance 

of clad surface had increased 

by 107 times. 

Sliding 

Wear 

18 

Microwave 

synthesized 

composite 

claddings with 

enhanced 

cavitation 

erosion 

resistance 

Babu  

et al. 

2019 

[20] 

SS-316 Ni+10%SiC 

Cavitation erosion behaviour 

of composite claddings 

(nano, micro and bimodal 

reinforcement particles size 

distribution and weight 

fractions) synthesized using 

MHH and thermal spray 

coatings were investigated. 

Microwave NI-SiC coatings 

possessed superior 

degradation resistance. The 

absence of splat boundaries 

and high adhesion with 

substrate led to high 

cavitation erosion resistance 

Cavitation 

erosion 

wear 
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in microwave processed 

claddings. The microwave 

processed claddings were 

crack free and integral 

interface was free from 

defects. 

 

2.5 Literature Gap Analysis 

The extensive literature survey has been carried out on the well-investigated/under 

investigation and matured/recently investigated methods for the development of coating/ 

claddings by using conventional sources of heating and microwave heating. The literature 

survey allowed the understanding of technologies and their mechanisms of processing with 

their limitations. The research work carried out on recently developing microwave processing 

of metallic materials used in multi-domain, like joining of bulk metals, casting of powders, 

claddings of hard facing metallic powders on metallic materials and sintering of powders are 

in investigation stages. The tribological characterizations of metallic claddings on metallic 

substrates are also explored. However, very less amount of investigation has been carried out 

on the development of Cavitation Erosion Resistant (CER) materials clads through the MHH 

concept.  

The identified research gaps from the literature survey are as follows: 

1. The literature reviews clearly depicted that very less amount of investigation has been 

carried out in the field of CER materials. However, researchers/academicians worked on in 

the field of other areas of tribology like sliding wear, erosive wear, abrasive wear and slurry 

erosion [19], [20], [143] [151], [44], [46], [136], [137], [139] [142] of metal, metal-

ceramic powder by microwave cladding route. 

2. Thermal spray and laser cladding are the customary techniques preferred for surface 

modification of the substrate which comes with many limitations. The major limitations of 

thermal spray are poor metallurgical bonding with the substrate, the presence of hard spots, 

high porosity, and chemical inhomogeneity in the coating. On the other hand, laser cladding 

has limitations such as thermal stresses, distortion, high porosity, residual stresses and 

solidification cracks. [41], [81], [152].  

3. The limited study has been carried out on the effect of a stand-off-distance (SOD), the 

amplitude of on cumulative mass loss & incubation time during cavitation performance of 

the clads [81]. 



56 
 

4. A limited amount of literature reveals parametric optimization of the MHH process and 

monitoring of online temperature variation during microwave processing has been reported 

[153]. 

2.6 Proposed Research Work 

On the basis of research gaps identified through the available literature survey, the proposed 

research plan was developed and the various research objectives have been established, which 

are given below: 

1. To optimize the processing conditions and analyse the variation in temperature during 

coupling of microwave radiation of 2.45 GHz during clads development. 

2. To develop the metal-ceramic composite cavitation resistant clads through MHH on 

Austenitic Stainless steel (SS316) by using multimode domestic microwave oven. 

3. Metallurgical and Tribological characterization of developed clads and Fractographic 

analysis of worn materials. 

4. To study the effect of process parameters like amplitude of vibration, Stand-off distance on 

cumulative mass loss and incubation time during cavitation study of developed clads.  

2.7 Proposed Plan of Work 

Preplanning of work allows, prioritizing work systematically in logical manner and more work 

can be done in lesser time. Therefore, to accomplish work on time the methodology of the 

proposed plan of work is shown in Figure 2.8. The work is carried out in three stages: 

Stage 1: Wise selection of substrate and clad powders to successfully achieve the desired 

properties. 

Stage 2: Development of metal matrix composite clads at optimized parameters using 

microwave hybrid heating technique.  

Stage 3: The developed clads are characterized for metallurgical, mechanical and tribological 

properties using SEM/EDS, X-

microhardness tester, ultimate tensile testing machine (UTM) and ultrasonic probe sonicator. 

different phases during microwave processing. Relevant techniques will be used for the study 

of microstructures, which includes SEM, XRD, EDS, and optical micrographs. 
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Figure 2.8: Proposed methodology of the research work
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CHAPTER 3 

MATERIAL SELECTION & THEIR CHARACTERIZATIONS 

3.  

The wider varieties of the materials are already developed or in developing stage, which is as 

per the required functionality and needs by material scientist community. The selection of 

suitable materials from the materials library database is one of the challenging task to the user. 

The selection of suitable materials not only depends on their characteristics features or 

properties but also depends on processing such materials under given constraint and conditions. 

The aim of the present work is to develop cavitation erosion resistant claddings through 

microwave heating. The selection of substrate material, matrix material and reinforcement 

material is a perplexing task and should be done wisely as it lays the foundation of successful 

experimentation. The poor interaction of metallic materials with microwave irradiation at room 

temperature also makes this task challenging. Hence, in this chapter, the selection and 

characterization of materials (substrate, matrix material and reinforcement material) has been 

discussed in detail. The specifications and working principle of the apparatus and equipment 

used for mechanical, metallurgical and tribological characterization have also been discussed 

in details. The appropriate experimental design strategy applied to test the cavitation erosion 

wear at different test parameters has been discussed in detail 

3.1  Material Selection 

3.1.1 Selection of substrate material 

The current work mainly focusses on the modification of surface of hydro-turbine materials to 

combat the poor cavitation erosion resistance (CER). The austenitic stainless steel (SS-316) is 

used as a substrate material for the development of CER cladding. This steel is selected due to 

its versatility in hydro industries [9], [79]. This is widely used in the power generation sector 

(hydraulic turbines) and chemical (pipes) industries owing to good corrosion resistance. The 

austenitic stainless steel having molybdenum ranges from 2.0% to 3.0%, provides good pitting 

and corrosion resistance. [80].   

 However, in severe working conditions, such as in gas and hydro- turbine plants, this 

grade of steel fails frequently, due to poor wear resistance characteristics, and be a cause of 

huge economic losses. The problem of poor wear resistance can be tackled by overlaying the 

surface with suitable hard and wear resistance material. Bhagat et. al. [154] observed in one of 

their findings that increase in microhardness results into logarithmic increase in cavitation 
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incubation time (Figure 3.1). However, high hardness associated with high toughness, in order 

to absorb the cavitation energy, is required to combat cavitation erosion, which is challenging 

to achieve with use of a single material. Hence, the use of metal matrix composite (MMC) 

could be a reasonable solution to this problem.   

Figure 3.1: Relationship of microhardness on incubation time of different materials [154]

3.1.2 Selection of clad powders

The appropriate choice of matrix and reinforcement powder is crucial in order to achieve the 

combination of high hardness along with toughness. Some properties that should also be 

considered while selecting the matrix and reinforcement powders are:

i. Low stacking fault energy (low work hardenability)

ii. Less prone to transit from ductile to brittle phase (less strain-rate sensitivity)

iii. Good interfacial bonding to allow subsurface micro-buckling of hard reinforcement

iv. Relatively large diameter reinforcement which may undergo plastic deformation without      

fracturing

In line with the above requirements, the selection of matrix material and reinforcement material 

has been done.

3.1.3 Selection of matrix material

The Ferrum-based amorphous coatings are found most helpful as matrix material to enhance 

CER because of some inherent properties such as high hardness, comparatively low cost and 

glass forming ability[154]. But, Ferrum-based coatings are prone to corrode in cavitation 

environment [155]. However, both Co-based and Ni-based coatings prove their significance 
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against corrosion environment [156], but, Co-based materials have a carcinogenic effect on 

humans, if inhaled accidently [157]. These materials are also not economically viable. The Ni-

based materials are well known for their high toughness, high corrosion and oxidation 

resistance, at elevated temperatures.  The stacking fault energy is found to be equal for all of 

the three (Fe-based, Co-based and Ni-based) coating materials [158]. Despite of the fact that 

metals are difficult to process through microwave irradiation, Ni-based materials are also 

practical to process through novel microwave hybrid heating technique. In light of all these 

facts, Ni-based (EWAC-EN1004) is selected as matrix material for the current work. 

3.1.4 Selection of reinforcement material 

The prime function of reinforcement, when added into matrix material, is to obtain the better 

properties. The selection of reinforcement highly depends upon the specific properties that are 

required for particular application. The high hardness associated with high toughness is an 

essential property to significantly increase the tribological performance of functional surfaces 

of hydraulic components susceptible to cavitation erosion wear. The selection of reinforcement 

materials also highly depends upon the manufacturing process.  

         The ceramics are popular for extremely high hardness, poor thermal conductivity with 

high heat absorption capacity. The interstitial carbides such as chromium carbide (Cr3C2) and 

tungsten carbide (WC) show the highest thermal conductivity, when compared with all other 

type of carbides [159]. Therefore, these are suitable reinforcement materials for development 

of the metal matrix composite clads through microwave hybrid heating process. The excellent 

hardness of alumina (Al2O3) [137] also makes it suitable candidate to be selected as 

reinforcement. However, Al2O3 is transparent to microwaves and it is also a challenging task 

to process them. Therefore, being mindful of all these aspects, commercially available Cr3C2, 

WC and Al2O3 are selected as reinforcement material for the current work. The process makes 

considerable effect on the functionality of the processed material. The study of CER on the 

selected reinforcement materials used to develop clads by using microwave cladding technique 

also not yet explored. 

3.2  Characterization Techniques 

The microstructure, elemental composition, phase orientation, grain size and hardness 

influences the response and performance of any material. Therefore, the materials, to be 

processed, need to be characterized. Although, the materials can be characterized by several 

techniques, but, in the current work, the characterization was carried out by relevant techniques 

only. The materials in the current work were characterized for their metallurgical, mechanical 
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and tribological characteristics with the help of scanning electron microscope (SEM), energy 

dispersive x-ray spectroscopy (EDX), X-

inverted metallurgical microscope (OM) equipped with image analysis software, universal 

testing machine (UTM), and vibratory cavitation erosion test apparatus (probe sonicator). The 

relevant specifications and characteristics of the apparatus, used for characterization, are 

presented in Appendix (Figures A1-A8).   

3.2.1 Microstructural characterization 

3.2.1.1 Scanning electron microscopy  

The SEM equipped with EDS (shown in Appendix-A, Figure A-1) has been used for 

microstructure investigation and elemental distribution in raw powders and developed clads. 

SEM is a type of electron microscope that uses a focused beam of electrons to scan the surface 

of a sample to produce images. The electrons interact with the atoms in the sample, producing 

a variety of signals that contain information about the sample's surface topography and 

composition. An image is created by scanning the electron beam in a raster scan pattern and 

combining the position of the beam with the intensity of the detected signal. The EDS-equipped 

SEM is useful for determining the chemical composition of the sample. In the current study, 

backscatter electron (BSE) detector at 20 kV voltage is used to characterize the top surface and 

transverse section of prepared clad. However, secondary electron imaging (SEI) detector at 20 

kV voltage is used to characterize the obtained powders or materials and clad specimen after 

cavitation testing. 

3.2.1.2 Optical microscopy 

The optical or light microscopy is a type of microscope that uses visible light and a lens system 

to magnify images of small objects. In the current study, the porosity analysis of developed 

clads has been carried out by optical microscope equipped with image analyser software 

(shown in Appendix-A, Figure A-2).  

3.2.1.3 X-ray diffraction 

XRD is a non-destructive, rapid analytical technique that is primarily used for phase 

identification of crystalline materials and can provide information on unit cell dimensions. It 

is the most basic and cost-effective technique. A cathode ray tube generates X-rays, which are 

then filtered to produce monochromatic radiation, and directed these toward the sample. The 

diffracted rays are produced when incident rays interact with the sample, satisfying the 

wavelength of electromagnetic radiation and the diffraction angle and lattice spacing in a 
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crystalline sample. An XRD pattern is generated by detection, processing, and counting of 

these diffracted rays. The X-pert high score is used to identify peaks by matching the obtained 

data with reference patterns stored in the latest ICDD database. A view of facility is presented 

in Figure A-3 in the Appendix-A. 

3.2.2  Mechanical characterization  

3.2.2.1 Micro-hardness measurement 

The simultaneous increase in hardness and toughness can reduce failure, possibly due to wear, 

by enhancing the wear resistance. The microhardness of developed clads was measured by 

 (shown in Appendix-A, Figure A-4). Three indentations were 

taken laterally across each layer to minimize the error in hardness results; and the average value 

of microhardness was considered. 

3.2.2.2  Flexural strength test or 3-point bend test 

The flexural strength of the specimen significantly affects the structural, mechanical and wear 

performance of the coatings/claddings on metallic substrates. The standard 3-point bend test 

(ASTM C1161-13) was used for calculating flexural strength (FS) of developed clads. The 

UTM was used for performing the test at room temperature. Prior to testing, the test samples 

were polished to eliminate any formed oxide layer. The clad surface was subjected to tensile 

loading, when point load was applied to SS-316 substrate, as shown in Figure 3.2. 

The crosshead displacement speed and span between inner and outer dwell pins were kept as 1 

mm-1 and 30 mm respectively. The relation 3.1 was used to calculate flexural strength. A view 

of facility is shown in Figure A-5 in the Appendix-A. 

 

 

 

3.1 

Where FS, PUT, L, w, t is flexure strength, ultimate load, span length, the width of specimen 
and thickness of specimen respectively.   
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Figure 3.2: Schematic of 3-point bend test

3.2.3 Tribological characterization

3.2.3.1 Vibratory cavitation erosion testing

In the current research work, the indirect method (modified ASTM-G32-16) was used for 

cavitation erosion testing of the substrate and developed clads. In this method, the specimen is 

positioned opposite to the horn tip. The stream of generated bubbles is pushed towards the 

specimen surface. The explosion of these bubbles generates impact force on the specimen 

surface, which results in stress generation and removal of material [160]. The cavitation erosion 

testing was carried out on square specimens of size 15 ×15×6 mm3 (thickness after cladding 

~7 mm). Before testing, the specimens were polished with the emery paper, and the surface 

roughness according to ASTM-G32-16 (in between 0.2 µm to 0.8 µm) was successfully 

achieved. The probe sonicator-vibratory ultrasonic apparatus was used for indirect acoustic 

cavitation erosion testing for polished specimens (shown in Appendix-A, Figure A-6). The 

distilled water was used as the test liquid and the temperature of this test liquid was maintained 

constant at 25 ±5°C by circulating the cold water through a temperature cooling jacket 

throughout the experimentation. Each specimen was tested for 9 h (540 min).

3.2.4 Experimental design to study the effect of cavitation test parameter on cumulative 

weight loss 

The appropriate design of experiments (DOE) helps to extract the maximum information from 

the minimal experiments and gives the right conclusion for the research goal. Basically, the 

design of experiments method is used for minimizing the number of experiments [161] [163].

Three independent parameters were chosen for the present work for the cavitation erosion 

testing; all three parameters (amplitude- AMP, immersion depth- IMD, and stand-off distance-

SOD) were varied at three levels. The levels of the input parameters (AMP and IMD) have 

been selected according to ASTM-G32-16. It has been mentioned in the standards that AMP 

and IMD should be in the range of 50±5µm and 100±10 mm, respectively. The different levels 
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of AMP, in order to check the effect of variation in test parameters on cavitation erosion 

behaviour, were selected according to apparatus feasibility, while levels for IMD were selected 

after initial trials. It had been observed by the author that for the narrow range (100±10 mm), 

there was negligible change in damage to the surface (weight loss) of samples. Therefore, a 

comparatively wide range (100±20 mm) had been selected. While, from literature review, it 

had been observed that maximum wear occurs at 0.5 mm SOD [164]. To check the combined 

effect of variation in these cavitation test parameters on cavitation erosion wear behaviour, the 

most feasible test level values had been selected.  

 Taguchi method has been widely used in engineering problems to optimize 

performance characteristics by means of selecting process parameters and their levels. This 

method is a combined form of mathematical and statistical tools operated for the process 

improvement and development of products. This method can provide optimal combinations of 

of experimental trial runs based on the orthogonal array depending upon on the number of 

parameters and their levels. The parameters and their respective variation levels for the 

cavitation study are shown in Table 3.1. The complete experimental plan was generated using 

Minitab 17.0; and is shown in Table 3.2. The effect of the parameters of the cavitation test on 

the weight loss was studied. For each specimen, the cavitation test was performed for 9 h, and 

the weight loss due to cavitation erosion in the specimens was determined using a weighing  

Table 3.1: Parameters and their levels for cavitation erosion testing 

Parameters Units 
Levels 

1 2 3 
Stand-off Distance mm 0.5 1 1.5 

Amplitude µm 40 50 60 
Immersion Depth mm 80 100 120 

 

Table 3.2: Experimental plan for cavitation erosion testing (Taguchi L9 array)  

Experimentation 
Parameter No. 

Stand-off Distance  
(mm) 

Amplitude 
(µm) 

Immersion depth 
(mm) 

1 0.5 40 80 
2 0.5 50 100 
3 0.5 60 120 
4 1 40 100 
5 1 50 120 
6 1 60 80 
7 1.5 40 120 
8 1.5 50 80 
9 1.5 60 120 
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machine of least count 0.1 mg. However, in order to determine the material failure mechanism 

during cavitation erosion, fractographic analysis of the eroded surface of the substrate and all 

developed clads was carried out by using SEM. 

3.2.5 Clad characterization 

The samples for characterizations of developed clads at optimized processing parameters have 

been prepared and tested by using following equipment:  

3.2.5.1 Low speed diamond cutter 

The developed clad specimens for characterization were cut along the cross-section with low-

speed diamond cutter (shown in Appendix-A, Figure A-7). This type of cutter has diamond 

wafering blade which is well known to cut very hard materials. The scratches on the cut 

specimen surface should be minimum in order to use these specimen, after polishing, for SEM 

and optical microscopy (OM). The high quality cut with minimal damage can be achieved by 

using low-speed diamond cutter. 

3.2.5.2 Polishing procedure 

The sectioned specimen was first ground using emery papers of grade 100,150, 220, 320, 600, 

and 800. After that, the specimen surface was polished using fine grade emery papers starting 

from 1000 and then proceeds in series (1500, 2000, and 2500) up to 3000. At last, the specimen 

was polished using a diamond paste of 1 µm size and soft velvet cloth on disk polisher (shown 

in Appendix-A, Figure A-8) to achieve a mirror-like surface and remove scratches. The 

diamond polishing paste was held on a velvet cloth with a diamond-lapping compound, which 

was sprayed on the velvet cloth. 

3.3 Characterization of the Materials 

The austenitic stainless steel (SS-316) was characterised in its as-received condition to 

determine its purity and mechanical properties. Figure 3.3 depicts SEM micrographs of 

substrate (a-b). The spectrometer (Make: WAS, Model: Foundry Master) and microhardness 

tester was utilized to evaluate the chemical composition and Vickers microhardness of the 

substrate material. The results are presented in Table 3.3 and 3.5. 

microhardness test was selected as 300 g normal load and 20 s dwell time. Also, some other 

important physical and mechanical properties of substrate are tabulated in Table 3.5.  

Table 3.3: Chemical composition of bulk SS-316 specimen 

 Elements P C Si S Mn Mo Ni Cr Fe  

 
Weight 

(%) 
0.042 0.023 0.282 0.069 1.21 1.99 9.82 17.1 Balance  
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Figure 3.3: SEM micrographs of austenitic stainless steel (SS 316) at a) lower magnification 

b) higher magnification

3.3.1 Characterization of the EWAC powder

The commercially available EWAC1004 EN powder was purchased from EWAC alloy Pvt. 

Ltd. (Mumbai, India). The purchased powder was characterized to determine its purity. The 

typical spherical morphology of EWAC with average particle size of 40±10 µm is illustrated 

in Figure 3.4 (a). 

Figure 3.4: a) SEM micrograph of EWAC powder b) XRD pattern of EWAC powder

The XRD patterns of EWAC powder is illustrated in Figure 3.4 (b). Ni was present as a major 

constituent element and Cr, Si, and C are present as minor constituent elements in EWAC 

powder. The chemical composition of raw EWAC powder was measured using electron probe 

micro-

assessed values are presented in Table 3.4. The few other significant physical and mechanical 

properties of raw EWAC powder are tabulated in Table 3.5.
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Table 3.4: Chemical composition of EWAC powder

Elements Si Cr Ni

Weight 
(%)

3.89 2.06 Balance

Table 3.5: Mechanical & physical properties of SS-316 and raw powders [43], [137], [159], 
[165] [168]

Properties
Materials

SS-316
EWAC 
Powder

Cr3C2

Powder
WC

Powder
Al2O3

Powder
Vickers Hardness 

(HV)
190

75     
[43]

1630
[159]

1500-1800
[159]

~1650  
[137]

Melting Point 
(°C)

1375-1400
[166]

1455
[167]

1810
[159]

2870
[159]

2072
[159]

Destiny (g/cm3)
7.98   
[166]

8.91
[166]

6.74
[159]

15.6
[159]

3.95     
[137] 

Fracture 
Toughness 

112      
[82]

100   
[43]

5.1    
[167]

10-14
[167]

2.69     
[167]

Elastic Modulus 
(GPa)

190      
[82]

150    
[43]

334    
[167]

630-650
[167]

386        
[167]

3.3.2 Characterization of the chromium carbide (Cr3C2) based powder 

The commercially available chromium carbide based (Cr3C2) ceramic powder was purchased 

from Ms. Shankar Pvt. Ltd. (New Delhi, India). The typical morphology of reinforcement 

powder is sharp. This sharp edge morphology of Cr3C2 powder with average particle size of 

50±10 µm is illustrated in Figure 3.5 (a). The XRD patterns of Cr3C2 powder is illustrated in 

Figure 3.5 (b). The existence of only Cr3C2 phase in Cr3C2 powder is established. The chemical 

composition of raw Cr3C2 powder is assessed and values are presented in Table 3.6. Some other 

significant physical and mechanical properties of raw Cr3C2 powder are tabulated in Table 3.5.

Figure 3.5: a) SEM micrograph of Cr3C2 powder b) XRD pattern of Cr3C2 powder
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Table 3.6: Chemical composition of Cr3C2 powder

Elements C Cr

Weight 
(%)

31.9 68.1

3.3.3 Characterization of the tungsten carbide (WC) based powder 

The commercially available tungsten carbide based (WC10Co2Ni) ceramic powder was 

purchased from Ms. Shankar Pvt. Ltd. (New Delhi, India). The typical pyramidal shape 

morphology of the WC powder with average particle size of 50±10 µm is illustrated in Figure 

3.6 (a). The XRD patterns of WC powder is illustrated in Figure 3.6 (b). The presence of W 

and C as principal constituent and Ni and Co as minor constituent elements in the WC powder 

was confirmed. 

Figure 3.6: a) SEM micrograph of WC-based powder b) XRD pattern of WC-based powder

The chemical composition of raw WC-based powder is assessed and values are presented in 

Table 3.7.  Few other significant physical and mechanical properties of raw WC-based powder 

are tabulated in Table 3.5.

Table 3.7: Chemical composition of WC-based powder

Elements C Co Ni W

Weight 
(%)

5 10 2 Balance

3.3.4 Characterization of the aluminium oxide (Al2O3) based powder 

The commercially available Aluminium Oxide (Al2O3) based ceramic powder was purchased 

from Ms. Shankar Pvt. Ltd. (New Delhi, India). The Al2O3 powder exhibits sharp edge 

morphology like typical hard and brittle material, with average particle size of 30±10 µm 

(Figure 3.7 (a)). The XRD patterns of Al2O3 powder is illustrated in Figure 3.7 (b). The 

presence of mainly Al2O3 phase was confirmed from XRD patterns. The chemical composition
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of raw Al2O3 powder is assessed and values are presented in Table 3.8. Few other significant 

physical and mechanical properties of raw Al2O3 powder are tabulated in Table 3.5.

Table 3.8: Chemical composition of Al2O3 powder

Elements Fe Al Si O

Weight 
(%)

5.64 35.2 10.91 Balance

Figure 3.7: a) SEM micrograph of Al2O3 powder b) XRD pattern of Al2O3 powder
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CHAPTER 4 

EXPERIMENTAL DETAILS 

 

4.  

The way to heat up the material for rising their temperature to melting state is one of the criteria 

for successful clads development with controlled dilution level. The conventional way for 

heating any materials, is started from their surface to the core of the material and hence the 

temperature gradient exists in the heated substances. The possibility of such phenomenon can 

be minimized by choosing any source of energy for heating materials, which can facilitate the 

heating at the molecular level. This can be achieved by using microwave radiations as a heating 

source. This results in uniform and rapid heating as compare to other conventional methods. 

The microwave radiations is not friendly with all class of materials and this limitation, restrict 

the users for use such energy as a heating source, despite of unique heating characteristic with 

these radiations. The challenge to process metallic material using microwave as a heating 

source can be tackled by using novel microwave hybrid heating (MHH) technique. A well 

planned approach is needed to successfully achieve the objective of clad development through 

this novel technique. The theoretically and scientifically knowledge of the process is essential. 

In the current chapter, the development of composite clads using MHH technique has been 

discussed in detail. Prior, the primary preparation before clad development is also discussed in 

detail, which is the prior requisite for successful bonding of clads with minimal defects at clad-

substrate boundary interface. Multiple trials have been carried out to carefully optimize the 

process parameters.    

4.1  Primary Preparation 

The primary preparation is condemnatory for development of defect free and sound clads. The 

following section explains the preparation prior to the clad development through MHH.  

4.1.1 Crushing/grinding of Charcoal 

The MHH is based on the use of suitable susceptor material for helping the interaction of 

microwave radiations for opaque materials like metals. The susceptor material absorbs 

microwave radiations at ambient temperature and hence rises in their temperature. Further, the 

heat developed in this material will get transferred, through conventional mode of heat transfer, 

to substrate and preplaced powdered clad materials, in case of cladding. The powdered charcoal 

material is good absorber of microwave radiations[59], it is cheap and also easily available. 

Therefore, in the present study fine grain hard cock of high grade has been used. The received 
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hard cock was bulk in size. These large size lumps of charcoal were not appropriate for MHH, 

and need to be crushed into fine grain particles. The charcoal in as received condition was first 

crushed manually with the help of pestle and wedge rammer in mortar. Afterwards, it has been 

crushed to ultra-fine particles with the help of mechanical grinder. The state of charcoal prior 

and after crushing has been shown in Figure 4.1

Figure 4.1: The state of charcoal (a) before crushing (b) after crushing

4.1.2 Specimen preparation  

The austenitic stainless steel (SS-316) was purchased from the local supplier in the form of 

billet of cross section 50×6 mm2. The specimen of different sizes for metallurgical 

characterization, vibratory cavitation erosion testing and flexural strength testing, were 

machined with the help of high speed hand abrasive cutter. The specimen size used for different 

purpose is presented in Table 4.1. 

Table 4.1: Specimen size for metallurgical, tribological and flexural studies

Purpose Size (mm3) ASTM No.

Metallurgical  characterization 10×10×6 --

Vibratory cavitation testing 15×15×6 G-32-16

Flexural strength testing 40×12×6 C-1161-13

Afterwards, the cut specimens were ground to remove the burrs and other contaminations onto 

the surface. The top surface of machined specimen was ground with 200 and 600-grade emery 

paper to ensure the removal of any oxide layer. The artificial surface texture during grinding 

was developed which helps to form better metallurgical bonding with clad layer. Further, the 

top surface of specimens was cleaned with acetone to remove any dirt particles.

4.1.3 Powder mixing and preheating

The proper mixing of clad powders is essential to get the homogenous properties of developed 

clad. Therefore, the matrix material powder and reinforcement material powder were mixed in 
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a mechanical mixer blender for 2 hours at 80 rpm. The chances of defects formations, like, 

porosity and hydrogen embrittlement increases by the presence of moisture in the clad powder 

material [169]. Therefore, the properly mixed clad powders were preheated at 180º C in the 

domestic microwave oven by using the convention mode of heating. This eliminates the 

possibility of presence of any undesired moisture contents in the mixed powders.  

4.2  Clad Development Process through MHH 

Prior to the clad development, the different weight ratios of selected reinforcement materials 

(Cr3C2, WC10Co2Ni and Al2O3) have been decided. The details of decided weight ratios have 

been presented in Table 4.2. The weight percentage ratio of Al2O3 is selected different from 

Cr3C2 and WC in order to maintain uniformity due to different powder particle size. 

Table 4.2: Weight ratios of reinforcement materials 

Reinforcement material Weight ratio (%) 

Cr3C2 10,20,30 

WC10Co2Ni 10,20,30 

Al2O3 5,10,15 

 

In general, the metallic materials do not interact with microwaves of low frequency (2.45 GHz) 

at room temperature due to the lower skin depth. The microwaves do not get absorbed by such 

poor skin depth materials owing to which materials will not reach at the elevated temperature, 

which requires for metallurgical bonding of preplaced materials with substrate. Hence, MHH 

technique has been used in the present work for the development of partial dilution of preplaced 

materials with substrate and vice versa. To facilitate microwave interaction with such materials, 

charcoal powder as a susceptor has been used and it is distributed uniformly above and around 

the metallic materials. To protect the contamination of the clad powder with susceptor material, 

99.7 % pure alumina sheet of 1 [59], 

[165] and that is transparent to the microwave radiation, has been used as the separator. Figure 

4.2 shows the schematic and actual cladding process by MHH. The experimentation has been 

carried out in atmospheric conditions. 
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Figure 4.2: The microwave cladding process (a) schematic diagram (b) actual setup

4.2.1 Optimization of parameters

The initial trials have been carried out for the development of composite cladding of Ni-based 

(EWAC) as a matrix material and Cr3C2, WC10Co2Ni and Al2O3 are act as reinforced 

materials, with different weight percentage through MHH. The exposure power and time was 

optimized for the development of clads. The summary of experimental condition, materials and 

parameters selected during experiments has been presented in Table 4.3. The optimized 

exposure power and time required for EWAC-10Cr3C2, EWAC-10WC10Co2Ni and EWAC-

5Al2O3 composite clads are as shown in Table 4.4-4.6, respectively.

Table 4.3: Microwave cladding conditions and used process parameters 

Parameters Description
Applicator Multimode microwave oven (Model: 

Charcoal, Make: LG)
Frequency 2.45 GHz
Susceptor fine grain charcoal Powder
Separator Alumina Substrate (1 mm)

Powder Preheating Temperature
Ambient Temperature

Table 4.4: Microwave processing parameters and their effect on EWAC-10Cr3C2 clad

Processing 
Time (s)

Microwave Power (W)
540 720 900

60
Evaporation of moisture from 

charcoal
Partial heating of 

charcoal

Charcoal was red 
hot, heating of 
powder started

120 Partial heating of charcoal
Charcoal was red 

hot

Both powder and 
substrate was red 

hot

180 Charcoal was red hot
Heating of 

powder started
Sintering of 

particles started
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240 Heating of powder started 
Both powder and 
substrate was red 

hot 

No melting of clad 
powder 

300 
Both powder and substrate was 

red hot 
Sintering of 

particles started 
Melting of clad 
powder started 

360 Sintering of particles started 
No melting of 
clad powder 

Presence of 
unmelted particles 

430 No melting of clad powder 
Melting of clad 
powder started 

Formation of 
cladding layer with 

good bonding 

480 

Partial melting of the powder 
particles and poor bonding with 

substrate and no evidence of 
substrate melting 

Unmelted 
particles present 

and poor bonding 

Deformation of  
substrate 

 

Table 4.5: Microwave processing parameters and their effect on EWAC-10WC10Co2Ni clad 

Processing 
Time (s) 

Microwave Power (W) 
540 720 900 

60 
Evaporation of moisture from 

charcoal 
Partial heating of 

charcoal 

Charcoal was red 
hot, heating of 
powder started 

120 Partial heating of charcoal 
Charcoal was red 

hot 

Both powder and 
substrate was red 

hot 

180 Charcoal was red hot 
Heating of 

powder started 
Sintering of 

particles started 

240 Heating of powder started 
Both powder and 
substrate was red 

hot 

No melting of clad 
powder 

300 
Both powder and substrate was 

red hot 
Sintering of 

particles started 
Melting of clad 
powder started 

360 Sintering of particles started 
No melting of 
clad powder 

Presence of 
unmelted particles 

420 No melting of clad powder 
Melting of clad 
powder started 

Formation of 
cladding layer but 

poor bonding 

450 Partial melting of clad powder 
Formation of 
cladding layer 

but poor bonding 

Formation of 
cladding layer with 

good bonding 

480 

Melting of the powder particles 
but poor bonding with substrate 

and no evidence of substrate 
melting 

Formation of 
cladding layer  

Complete 
deformation of  

substrate 
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Table 4.6: Microwave processing parameters and their effect on EWAC-5Al2O3 clad 

Processing 
Time (s) 

Microwave Power (W) 
540 720 900 

60 
Evaporation of moisture from 

charcoal 
Partial heating of 

charcoal 

Charcoal was red 
hot, heating of 
powder started 

120 Partial heating of charcoal 
Charcoal was red 

hot 

Both powder and 
substrate was red 

hot 

180 Charcoal was red hot 
Heating of powder 

started 
Sintering of 

particles started 

240 Heating of powder started 
Both powder and 
substrate was red 

hot 

No melting of clad 
powder 

300 
Both powder and substrate was 

red hot 
Sintering of 

particles started 
Still no melting of 

clad powder 

360 Sintering of particles started 
No melting of clad 

powder 
Clad powder start 

melting 

420 No melting of clad powder 
Still no melting of 

clad powder 
Presence of 

unmelted particles 

480 Still no melting of clad powder 
Melting of clad 
powder started 

Formation of 
cladding layer but 
not well bonded 

540 

Partial melting of the powder 
particles and poor bonding with 

substrate and no evidence of 
substrate melting 

Formation of 
cladding layer but 
not well bonded 

Formation of 
cladding layer with 

good bonding 

600 Clad layer formed 
Partial deformation 

of  substrate 

Complete 
deformation of  

substrate 
 

Similarly, the optimization of exposure time and power for other composition has been carried 

out. It has been observed during entire exhaustive experimentations, that the required minimum 

exposure microwave power 900 W to melt the powder material system and partial amount of 

substrate material to causes the dilution for development of metallurgical bonded clads of these 

powder systems. The microwave exposure time was varying with respect to different 

compositions of clads.  The optimized processing time for all the compositions, at different 

specimen size, is presented in Table 4.7. Three experiments for each composition have been 

carried out. The processing time was varied for 10, 12 and 15 s for specimen prepared for 

metallurgical, tribological and flexural studies. No significant change was visualized at these 

variations. The average values have been considered.  
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Table 4.7: Optimized processing time for all compositions composite clad  

Composition 

Optimized Processing Time (s) 

Sample Size (mm3) 

10×10×6 15×15×6 40×12×6 

EWAC-10Cr3C2 430±10 750±15 1300±20 

EWAC-20Cr3C2 420±10 720±15 1260±20 

EWAC-30Cr3C2 390±10 700±15 1200±20 

EWAC-10WC10Co2Ni 450±10 780±15 1360±20 

EWAC-20WC10Co2Ni 430±10 760±15 1340±20 

EWAC-30WC10Co2Ni 410±10 750±15 1300±20 

EWAC-5Al2O3 530±10 720±15 1380±20 

EWAC-10Al2O3 560±10 750±15 1410±20 

EWAC-15Al2O3 590±10 790±15 1445±20 

 

The addition of Cr3C2 and WC10Co2Ni powders facilitate the microwave absorption due to 

higher skin depth and therefore the processing time goes on decreasing by the increase in the 

weight percentage of these reinforcements into the matrix material. However, the melting 

temperature of WC10Co2Ni is more than Cr3C2, which results into higher processing time for 

all the specimen sizes. On the other hand, the Al2O3 is transparent to microwaves and does not 

facilitate the microwave absorption. Therefore, the processing time is higher in this case for all 

the specimen sizes.  

 The behaviour of the susceptor material during microwave interaction at optimized 

processing time and power has been analysed during experimental trial run at different intervals 

of time. The interaction of microwave radiation with charcoal powder is very complex in 

nature. Initially, trial runs have been carried out at an interval of 1 min of microwave exposure 

and the temperature of charcoal powder has been noted at the end of experiments by using 

Infrared thermometer. The respective experimental observation of EWAC-10Cr3C2 composite 

clad has been presented in Table 4.8. The monitoring of in-situ clad temperature during 

processing is not viable in present experimental set-up due to the fact that clad powder is fully 

covered with susceptor material. Hence, the effect of susceptor temperature on preplaced clad 

powder is linked for developing understanding of microwave interaction of powders and rise 

in their temperature during experimentations. The interpretations of observations at the end of 

each experiment have been made on the basis of susceptor temperature recorded and the 
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condition of material system. In initial run of experiments, it has been observed that the 

moisture present in charcoal powder evaporates after 15 s of microwave exposure and rise in 

the charcoal temperature was 105.1°C (Figure 4.3). The dynamics of microwave interaction 

with charcoal powder was extreme after 30 s and rise in their temperature was 235.7°C. The 

rate of coupling with charcoal powder was, to a great extent up to 120 s and it helps to turn the 

temperature at 751.8°C. It has been observed that at this temperature preplaced powder 

particles and substrate becomes red hot, it is owing to the conduction of heat from the charcoal 

powder towards the preplaced powder and substrate. After 240 s exposure of microwave 

radiation, the charcoal powder was converted into ash and hence no more contribution from 

them to further rise in temperature of preplaced particles. Hence, no more conductive heat 

transfers from charcoal ash/powder took place during experimentation after 240 s of 

microwave exposure. The state of matter at the end of experiments confirms the rise in the 

temperature of preplaced powder by direct coupling of microwave radiation with them.  

 After, 460 s of microwave exposure the clad and substrate diluted significantly and the 

purpose of clads has been lost. Further, the successful metallurgical bonded clads have been 

developed, when preplaced powder exposes of microwave radiation for 430 s.  

Table 4.8: Temperature record of susceptor powder and observations during experimental 

trials of EWAC-10Cr3C2 composite clad 

Test 
Run 

Exposure 
time 
(s) 

Observations & Readings 

Observations 
Charcoal 

Avg. Temp. 
(ºC) 

 15 Evaporation of moisture contents present in charcoal 105.1 
 30 Heating of substrate but powder remains unaffected. 235.7 

1 60 
Charcoal started transferring heat to the substrate 

and the substrate starts heating. Heating of powder 
started and charcoal became red hot. 

478.9 

2 120 Both powder and substrate became red hot. 751.8 
3 180 Sintering of particles started 873.2 

4 240 
Charcoal completely turned in ash, bonding with 

powder particles developing. 
868.1 

5 300 Melting of clad powder started. 837.4 
6 360 Partially unmelted clad 812.2 
7 430 Formation of cladding layer 740.1 
8 460 Complete melting of Substrate 714.4 
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Figure 4.3: Analogy of temperature distribution of susceptor with powder particles

Table 4.9: Temperature record of susceptor powder during experimental trials of all

composite clad

Processing 

Time (s)

Clad Powder Composition

EWAC
+

10Cr3C2

EWAC
+

20Cr3C2

EWAC
+

30Cr3C2

EWAC
+

10WC-
based

EWAC
+

20WC-
based

EWAC
+

30WC-
based

EWAC
+

5Al2O3

EWAC
+

10Al2O3

EWAC
+

15Al2O3

15 105.1 101.2 102.7 110.5 104.2 100.5 107.6 106.5 102.1
30 235.7 262.4 250.5 280.1 275.1 257.9 282.1 240.8 249.7
60 478.9 460.7 443.7 400.2 483.4 475.1 430.4 450.8 478.1

120 751.8 700.2 721.1 756.7 745.8 731.8 761.2 748.7 710.2
180 873.2 845.2 837.3 800.4 880.1 850.9 872.4 869.7 884.2
240 868.1 841.2 819.7 797.4 850.7 857.1 843.1 829.4 845.2
300 837.4 812.4 796.4 787.4 820 800.4 840.1 790.1 818.2
360 812.2 790.5 779.7 780.1 785.2 780.1 814.6 782.4 798.8
420 740.1 720.1 727.3 715.4 721.4 730.4 741.1 735.4 700.5
480 714.4 700.1 721.1 698.7 724.4 708.7 731.2 735.4 725.6
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CHAPTER 5 

METALLURGICAL AND MECHANICAL CHARACTERIZATION OF 

MICROWAVE CLADS 

 
5.  

In the current work, Ni-based (EWAC) based composite clads with varying weight percentage 

of different reinforcement materials have been developed by using microwave radiations as a 

heating source. Microwave processing was carried out in domestic microwave oven of 

frequency 2.45 GHz. The associated unique characteristics of volumetric and hence uniform 

heating in microwave processing may yields fine microstructure, significantly lesser amount 

of porosity, and improved mechanical and tribological properties. In the current work, the 

developed clads have been characterized by using various sophisticated techniques/equipment. 

The details of the results of the various characterizations are presented in the current chapter. 

5.1 Metallurgical and Mechanical Characterisation of the Clads 

The metallurgical aspects of developed clads are characterized by using SEM/EDS, OM and 

XRD. These techniques/tools are giving understanding for microstructure like grain size and 

grain growth, phase, crystal structure, cracks and porosity. While, the developed clads are 

microhardness tester and UTM. The details of characterization results are presented in the 

succeeding sections. 

5.1.1 Microstructural characterization of EWAC-Cr3C2 developed clads 

The tribological behaviour and quality of clad highly depends upon microstructure of clad. The 

sound clads must have good metallurgical bonding of clad material with substrate and defects 

like porosity and cracks (solidification and interfacial) should be minimum in amount. To 

identify the grain structure, phases present and morphology of grains, microstructure study 

plays a significant role. In microwave heating, the complete volume of preplaced powder is 

heated simultaneously. This leads to rapid heating of exposed surface of material at elevated 

temperature with significantly less thermal gradient. The sectioned view of EWAC-xCr3C2 

(x=10, 20 and 30) % shows a distinguished pattern, which are as shown in Figures (5.1-5.3) 

respectively.  
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Figure 5.1: Typical BSE images of developed EWAC-10Cr3C2 clad a) showing distinguished 

clad region, substrate & interface b) enlarged view of clad region

Figure 5.2: Typical BSE images of developed EWAC-20Cr3C2 clad a) clad region, substrate 

& interface b) enlarged view of clad region

Figure 5.3: Typical BSE images of developed EWAC-30Cr3C2 clad a) clad region, substrate 

& interface b) enlarged view of clad region

The clads of approximately 720 µm, 750 µm and 600 µm are developed during microwave 

heating, which can be clearly seen from Figures (5.1-5.3 (a)), respectively. The microstructure 
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of composite clad compositions shows the lamellar bands like pattern. The elemental 

compositions at different locations (X and Y) of composite clads has been carried out by EDS 

analysis. The obtained results of these composite clads (EWAC+xCr3C2 (x=10, 20 and 30) %) 

are as shown in Figure (5.4-5.6) respectively. These lamellar bands are randomly oriented in 

different directions and these bands are composing of Cr-Fe-C rich phase and are distributed 

in the Ni-Fe-Cr rich matrix for all composition composite clads. The formation of these phases 

confirms, that clads are metallurgical bonded with substrate. The segregated dendrite formation 

is also observed in the BSE image of composite clads. In general, rapid and non-uniform 

cooling leads to dendrite formation. Like heating, cooling is not uniform, because the 

developed MMC clads have the differences in thermal conductivity of matrix base (EWAC) 

(90 W/ (m.K)) and reinforcement (Cr3C2) material (190 W/ (m.K)). This causes the heat 

dissipation at different rate (by EWAC and Cr3C2 particles) and leads to non-uniform cooling, 

which results into the dendrite formation possibly.  

Figure 5.4: EDS analysis of developed EWAC-10Cr3C2 clad at a) phase X b) phase Y

Figure 5.5: EDS analysis of developed EWAC-20Cr3C2 clad at a) phase X b) phase Y
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Figure 5.6: EDS analysis of developed EWAC-30Cr3C2 clad at a) phase X b) phase Y

The overall strength of developed composite clad can be achieved by the uniform dispersion 

of these reinforcement particles (black phase) inside the soft Ni matrix (white phase).

Therefore, the elemental area mapping of the developed clad was carried out to investigate the 

dispersion of elements. The results of elemental area mapping of the clad region are presented 

in Figure (5.7-5.9). 

Figure 5.7: EDS mapping of developed EWAC-10Cr3C2 composite clad (a) area mapped 

location (b) C (c) Cr (d) Fe (e) Ni (f) O (g) Si
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Figure 5.8: EDS mapping of developed EWAC-20Cr3C2 composite clad (a) area mapped 

location (b) C (c) Cr (d) Fe (e) Ni (f) O (g) Si

Figure 5.9: EDS mapping of developed EWAC-30Cr3C2 composite clad (a) area mapped 

location (b) C (c) Cr (d) Fe (e) Ni (f) O (g) Si
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The results of mapping confirm the presence of Cr and C significantly in the grey region (Y) 

and presence of Ni, Si, Fe and O significantly in white region (X). This reveals that the white 

region (X) belongs to Ni-base while the grey region (Y) belongs to chromium and carbon 

enrich. The presence of Fe in clad region supports the claim of dilution of substrate into clads 

and hence confirms metallurgical bonds of clads with substrate. The possible reason behind the 

presence of O in the results of elemental mapping could be due to, the processing of samples 

in atmospheric environment conditions. The non-uniform microwave absorption nature of the 

matrix and reinforced powder may give the thermal imbalance during microwave heating. This 

thermal imbalance in powder system may form a localized melt pool in the clad region. This 

localized melt pool current is enough to agglomerate the carbide particles and hence, uniformly 

dispersed into soft and tough Ni-Fe rich metal matrix. Some other author has also reported the 

same result.[17], [149], [166]. 

5.1.2 Phase analysis of EWAC-Cr3C2 developed clads 

The XRD is an analytical system, which is widely used for detection of phases present in the 

material system and also helps to get information regarding dimensions of unit cell. The 

references of known compounds have been used to match the obtained data with the diffraction 

peak positions and intensity values with the help of software (X pert high score). The typical 

XRD spectrum of developed EWAC-xCr3C2 composite clads is presented in Figure 5.10.  

 
Figure 5.10: A typical XRD pattern of developed EWAC-xCr3C2 composite clad 

The presence of phases Cr2Ni3, Cr23C6, Cr7C3, CrSi, CrSi2, SiO2, NiC, SiC, Cr3Ni2SiC and 

FeNi3 in the developed clads is confirmed from XRD spectrum. The chromium and iron 

elements were present in the raw powder. The formation of Cr2Ni3 and FeNi3 phases claims the 

reaction of chromium and iron elements with nickel element, respectively. These phases are 
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formed due to the dilution of iron and chromium element from the substrate region, which 

ensures the metallurgical bonding of clads with substrate. The Cr3C2 powders may get 

decomposes into Cr and C elements due to the involvement of high temperature during the 

microwave processing with least thermal gradient. This free carbon further reacts with the 

elements present (Si and Ni) into the raw clad powder and may forms SiC and NiC phases. 

Other than these phases some minor peaks of Cr7C3, Cr23C6, CrSi, CrSi2 and SiO2are also 

observed. The formation of these phases shows the reaction between decomposed raw powders 

during microwave heating and reacts with diluted elements coming from substrate to clads 

region and causes to form hard phases. Some complex carbide Cr3Ni2SiC has also been formed 

during microwave irradiation. 

 The normalized intensity ratio (NIR) method was used to assess the developed EWAC-

xCr3C2 composite clads on a quantitative basis. However, the exact proportion of present 

phases in the developed clad region is not given by the NIR method. The results are presented 

in Table 5.1-5.3. Equation 5.1 was used to calculate the NIR of corresponding peaks. Earlier, 

other authors also use this equation [46], [170].  

 
(5.1) 

 

Where I1, I2, IN represents different corresponding peak values, and Iback represents background 

intensity. 

Table 5.1: Normalized intensity ratio values of EWAC-10Cr3C2 composite clad 

S. No. Phase I1 I2 I3 I4 I5 Iback NIR (%) 

1 FeNi3 6936.71 - - - - 25 53.63 

2 NiC - 3751.95 - - - 25 28.92 

3 Cr3Ni2SiC - - 769.54 - - 25 5.77 

4 CrSi2 - - - 987.25 - 25 7.47 

5 SiC - - - - 568.37 25 4.21 

 

 

 

 

 



86 
 

Table 5.2: Normalized intensity ratio values of EWAC-20Cr3C2 composite clad 

S.No. Phase I1 I2 I3 I4 I5 I6 Iback NIR(%) 

1 CrSi 360.75 - - - - - 15 11.96 

2 FeNi3 - 1135.38 - - - - 15 38.74 

3 Cr23C6 - - 397.58 - - - 15 13.23 

4 Cr23C6 - - - 608.08 - - 15 20.51 

5 CrSi2 - - - - 453.48 - 15 15.16 

6 Cr2Ni3 - - - - - 26.69 15 0.40 

 

Table 5.3: Normalized intensity ratio values of EWAC-30Cr3C2 composite clad 

S. 

No. 
Phase I1 I2 I3 I4 I5 I6 I7 Iback 

NIR 

(%) 

1 CrSi 42.9 - - - - - - 25 0.36 

2 Cr2Ni3 - 2520.16 - - - - - 25 50.75 

3 FeNi3 - - 1106.51 - - - - 25 22.00 

4 Cr7C3 - - - 433.62 - - - 25 8.31 

5 Cr7C3 - - - - 646.93 - - 25 12.65 

6 SiO2 - - - - - 164.57 - 25 2.84 

7 Cr7C3 - - - - - - 176.51 25 3.08 

 

The results of NIR of particular phases for different weight compositions of reinforced particle 

reveals that the phases of different natures (harder carbide phases and softer metal matrix 

phases) are present in different percentages in clads.  

5.1.3 Microhardness study of EWAC-Cr3C2 developed clad 

Bhagat et al. [154] reported that increases in hardness generally, increases in incubation time. 

However, till date, no direct effect of hardness, on incubation time, is reported by authors. The 

failure possibility of material due to wear can be reduced by increasing the hardness and 

toughness of materials simultaneously and hence, this results into enhancing the wear 

resistance. However, it is very much critical for any material system to increase both properties 
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simultaneously. Hence, composite clads have been developed to address these issues. The 

microhardness indentations were taken across the lateral section of developed composite clads 

(Figures 5.11-5.13). The indents are made at a distance of 60 µm, for EWAC-10Cr3C2 and 

EWAC-20Cr3C2, and 50 µm for EWAC-30Cr3C2 respectively (owing to variation in clad 

thickness), starting from top of clad in direction of substrate and same distance is maintained 

towards right and left of each indent also. For better understanding an average of 12 set of 

indents is evaluated. 

 

Figure 5.11: Microhardness profile of the developed EWAC-10Cr3C2 

composite clad 
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Figure 5.12: Microhardness profile of the developed EWAC-20Cr3C2 composite clad 

 

Figure 5.13: Microhardness profile of the developed EWAC-30Cr3C2 composite clad 

The higher microhardness of clad region is due to the presence of hard carbide phases. The 

achieved average microhardness value for EWAC-10Cr3C2, EWAC-20Cr3C2 and EWAC-

30Cr3C2 composite clads is 430±65 HV, 470±60 HV and 580±99 HV respectively, which is 

2.47, 2.65 and 3.39 times larger than the substrate material microhardness (180±20 HV). The 
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large amount of standard deviation in the readings is observed, which might be due to the 

indentations are made on hard carbide phases and soft Ni matrix as well. The non-uniformity 

in microhardness in clad region attributed to the presence of multi phases of different natures 

formed during cladding and which is confirmed during XRD study. The indentation made on 

carbide particle region shows much higher values. The decreased value of hardness at interface 

zone of clad substrate could be due to the fact that metallic dissolution increases at the 

interface. The synergy of high toughness and hardness makes the developed clads suitable for 

anti-cavitation wear applications. 

5.1.4 Porosity assessment of EWAC-Cr3C2 developed clad 

The porosity analysis of the clad region is essential as porosity is a significant factor that has 

great influence on functional characteristics of cladding. The mechanical properties like 

ductility and fatigue strength have been affected by porosity which further reduces the 

cavitation erosion resistance[171]. The cracks and pores are preferential locations for cavitation 

erosion wear [172], [173], hence, less porous and defect free clads are an essential requirement 

in cavitation erosion wear applications. Therefore, porosity must be assessed in the clad region. 

The porosity analysis of EWAC-xCr3C2is shown in Figure 5.14-5.16.

Figure 5.14: Optical micrographs of EWAC-10Cr3C2 composite clad showing porosity         

(a) region 1 (b) region 2 (c) region 3
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Figure 5.15: Optical micrographs of EWAC-20Cr3C2 composite clad showing porosity         

(a) region 1 (b) region 2 (c) region 3

Figure 5.16: Optical micrographs of EWAC-30Cr3C2 composite clad showing porosity         

(a) region 1 (b) region 2 (c) region 3
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The porosity is indicated by small red spots shown in clad region and results are presented in 

Table 5.4.  The clad region is partitioned into three different sub regions and for better 

understanding, average value of porosity is reported.  

Table 5.4: The results of porosity measurement of EWAC-xCr3C2 composite clad 

Percentage porosity 

 
 

Composition 
 

 
Region 

 

 
 

Mean 
(i) (ii) (iii) 

EWAC-10Cr3C2 
Total 
pores 

8145 4816 5450 6137 

Pores % 1.35 1.19 1.21 1.25 

EWAC-20Cr3C2 
Total 
pores 

4245 3061 3118 3475 

Pores % 1.40 0.80 1.10 1.10 

EWAC-30Cr3C2 
Total 
pores 

469 366 714 516 

Pores % 1.00 0.66 1.28 0.98 
 

The significantly less values of porosity are achieved as compare to other matured processes 

used for cladding [174], [175]. The presence of lower levels of porosity occurring in the so 

developed clads are due to the presence of reducing atmosphere during processing. This 

reducing atmosphere is due to the presence of charcoal used to improve the dynamics of 

microwave interaction with the poor microwave absorbing materials. This atmosphere prevents 

the further entrapment of the gases into clads during processing. 

5.1.5 Flexural strength studies of EWAC-Cr3C2 developed clad  

Flexure strength is one of the most significant utility indicators of many engineering 

components. The flexural strength of microwave processed developed clads has been assessed 

by a standard 3-point bend test. The observations after examine the flexural behaviour on 

developed EWAC-xCr3C2composite clads showed three-stage (Figures 5.17-5.20) load-

displacement nature before failure. 
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Figure 5.17: a) Load-displacement characteristics of developed EWAC-10Cr3C2 clad through 

microwave heating during standard 3-point bend test; magnifying views of load-displacement 

characteristics b) up to 1 mm c) between 1 mm to 3 mm d) ahead of 3 mm

Figure 5.18: a) Load-displacement characteristics of developed EWAC-20Cr3C2 clad through 

microwave heating during standard 3-point bend test; magnifying views of load-displacement 

characteristics b) up to 1 mm c) between 1 mm to 3 mm d) ahead of 3 mm
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Figure 5.19: a) Load-displacement characteristics of developed EWAC-30Cr3C2 clad through 

microwave heating during standard 3-point bend test; magnifying views of load-displacement 

characteristics b) up to 1 mm c) between 1 mm to 3 mm d) ahead of 3 mm

The stage I, shows the linear displacement of developed clad up to lower transition load. The 

matrix phase of developed clads behaves elastically in this stage. Further, the developed clads 

experienced plastic deformation ahead of lower transition load. As the load increases, more 

amount of micro cracks formation started at top surface of clad layer. This growth and 

propagation of micro cracks in the hard carbide phase remain up to upper transition load (stage 

II). The stress may get release during the propagation of micro cracks. Further increase in load, 

the micro cracks started to propagate in multi direction and finally it reaches to interface of 

clad substrate. At this stage of load transmission, the developed clad may get fails owing to the 

debonding of clads from substrate. 

The developed clads have been analysed using a parameter (deformation index (DI)), 

by which behaviour of coatings/clads can be assessed under flexure loading. Three samples of 

each composition have been tested and average values have been considered. The equation 5.2 

[166] used for calculation of deformation index (DI) is 

DI = (mm N-1)
(5.2)

Where = ±10% change in load at 50% rupture load P(N)

and      = Corresponding change in flexural deformation (mm) 
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The resistance to the deformation of developed clads has been indicated by DI.  The different 

observations of flexure testing are tabulated in Table 5.5. 

Table 5.5: Observations of developed EWAC- xCr3C2 composite clads during flexural testing 

Composition 
S. 

No. 
LTL 
(N) 

UTL 
(N) 

UTL 
(mm) 

FS 
(MPa) 

Maximum 
load (N) 

Maximum 
 

Deformation 
index [×10-4]    

(mm N-1) 

EWAC 
+ 

10Cr3C2 

1 291 2696 0.66 638 6125 5.1 3.41 
2 324 2720 0.67 644 6210 5.3 3.40 
3 315 2710 0.67 641 6160 5.1 3.49 

Mean 310 2709 0.67 642±5 6165 5.17 3.43 

EWAC 
+ 

20Cr3C2 

1 298 3562 0.67 758 7274 5.3 2.40 
2 331 3587 0.67 761 7305 5.4 2.39 
3 350 3601 0.68 750 7199 5.2 2.38 

Mean 326 3583 0.67 756±6 7259 5.3 2.39 

EWAC 
+ 

30Cr3C2 

1 640 3593 0.60 825 7920 5.4 2.28 
2 653 3710 0.68 802 7700 5.5 2.42 
3 648 3638 0.65 815 7824 5.4 2.19 

Mean 647 3647 0.64 814±11 7815 5.43 2.30 
LTL- lower transition load, UTL- - deformation, FS- flexural strength 

It has been observed from Table 5.5 that there is an increase in the LTL of EWAC based and 

Cr3C2  reinforced composite clads with increase in weight percentage of reinforcement.  The 

possible reason behind this is the increase in average microhardness of clad region (discussed 

in section 5.1.3). This results into requirement of more loads for starting the deformation in the 

clad region. Similar trend has also been observed for UTL, but the observed percentage change 

in the values of UTL is more, when the weight percentage of reinforcement has been increased 

from 10% to 20% in comparison from 20% to 30%. This may be due to the comparatively more 

agglomeration of carbide particles (observed in microstructure of clad region in section 5.1.1) 

in toughen matrix of Ni-Fe when the weight percentage has been increased from 20% to 30%.  

The interfacial bonding strength of agglomerated carbide particles with matrix material is low, 

therefore the deformation in the clad region has been observed at lower load. Hence, less 

percentage change in the values of UTL has been observed. However, the lower values of DI 

at all weight percentage show that the developed clads perform well under flexural loading. 

The higher flexural strength and lower DI values are due to the non-severity of the cracks. 

 The mode of fracture during flexural testing of composite clads has been assessed by 

fractographic analysis of 3-point bend tested clad samples. The tested sample images, as shown 

in Figure 5.20-5.22, show the transversal cracks development at the end of the test.  
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Figure 5.20: Fractured EWAC-10Cr3C2 clad specimen after 3-point bend test (a) Photograph 

of the top surface; SEM micrograph showing (b) primary cracks (c) secondary cracks

Figure 5.21: Fractured EWAC-20Cr3C2 clad specimen after 3-point bend test (a) Photograph 

of the top surface; SEM micrograph showing (b) primary cracks (c) secondary cracks
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Figure 5.22: Fractured EWAC-30Cr3C2 clad specimen after 3-point bend test (a) Photograph 

of the top surface; SEM micrograph showing (b) primary cracks (c) secondary cracks

The SEM images of tested samples show multidirectional cracks (primary and secondary 

cracks) within the matrix and hard carbide reinforced phases. The presence of multidirectional 

cracks in the so developed clads is featured to the existence of multi-phase material system in 

EWAC-Cr3C2 based clads. The existence of hard carbide phases as shown in XRD spectrum 

(section 5.1.2) in the soft Ni-Fe matrix gives rise to the higher toughness in the developed clads. 

The features of mixed mode of fracture like primary and secondary cracks have been seen by 

closer inspection of fractured surfaces. The cracks are formed due to the mergence of nucleated 

micro cracks in developed clads and further increasing of loading widened the cracks and 

results into observed parallel cracks as well. 

5.1.6 Microstructural characterization of EWAC-WC10Co2Ni developed clads

The sectioned views of EWAC-10WC10Co2Ni, EWAC-20WC10Co2Ni and EWAC-

30WC10Co2Ni are shown in Figure 5.23-5.25, respectively. The metallurgical bonded clads 

of thickness 520 µm, 680 µm and 820 µm are developed. The developed clads are observed as 

without any visible defects and solidification/interfacial cracks (Figures 5.23-5.25(a)).
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Figure 5.23: Typical BSE images of developed EWAC-10WC10Co2Ni clad a) clad region, 

substrate & interface b) enlarged view of clad region

Figure 5.24: Typical BSE images of developed EWAC-20WC10Co2Ni clad a) clad region, 

substrate & interface b) enlarged view of clad region

Figure 5.25: Typical BSE images of developed EWAC-30WC10Co2Ni  clad a) clad region, 

substrate & interface b) enlarged view of clad region

The cellular like structure of the clad surface can be seen in an enlarged view (Figure 5.23 (b)). 

The unique property of volumetric heating of microwave processing leads to cellular growth 

in developed clad. The direction of heat flow controls the direction of cell growth, as the cell 

growth tendency always is towards the highest thermal gradient [166]. Further, there is not 

much difference between the thermal conductivity of the matrix base (90W/m K) and 

reinforcement (84W/m k) [176], which leads to uniform cooling of the clad surface and results 
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in the non-transition of cellular to the dendritic structure. The formation of a skeleton-like 

structure (Figure 5.25(b)) results from the typical slow cooling rate of the melt pool[19], [144]. 

EDS study of all the clads, at marked locations X, Y, and Z, is carried out (Figures 5.23-

5.25(b)). The results are presented in Figures 5.26-5.28, respectively.

Figure 5.26: EDS analysis of developed EWAC-10WC10Co2Ni clad at a) phase X 

b) phase Y c) phase Z

Figure 5.27: EDS analysis of developed EWAC-20WC10Co2Ni clad at a) phase X

b) phase Y c) phase Z
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Figure 5.28: EDS analysis of developed EWAC-30WC10Co2Ni clad at a) phase X 

b) phase Y c) phase Z

The EDS study confirms that the grey region (point X) consists mainly Fe-Ni phase, which 

exhibits that Fe is diluted into the clad region, which strengthen the claim of metallurgical 

bonded clad powder with substrate. The white region (point Y) and the black region (point Z) 

consist of W rich phase along with Ni and C element, while in the Z region of 10% chromium 

carbide reinforcement clads shows the oxides of nickel phase. However as increase in 

n as marked is manly 

composed of Ni-C and Oxygen element phase. 

The elemental area mapping of the clad region has been carried out and presented in Figure 

5.29-5.31. 
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Figure 5.29: EDS mapping of developed EWAC-10WC10Co2Ni composite clad (a) area 

mapped location (b) C (c) O (d) Si (e) Fe (f) Ni (g) Al (h) W

Figure 5.30: EDS mapping of developed EWAC-20WC10Co2Ni composite clad (a) area 

mapped location (b) C (c) O (d) Si (e) Fe (f) Ni (g) Al (h) W
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Figure 5.31: EDS mapping of developed EWAC-30WC10Co2Ni composite clad (a) area 

mapped location (b) C (c) O (d) Si (e) Fe (f) Ni (g) Al (h) W

The results of mapping confirm the presence of Ni-Fe matrix in grey region (X) and black 

region (Z) whereas, the presence of W and C significantly in the white region (Y). The 

agglomeration of reinforcement particles is the result of the non-uniform microwave absorption 

nature of the clad region due to the different physical properties of matrix and reinforcement 

powder, which results in thermal imbalance (discussed in section 5.1.1). The random dispersion 

of hard carbide phases into a comparatively soft Fe-Ni rich matrix also helps in achieving the 

combination of high hardness and toughness, which is an essential requirement to increase the 

CER of the developed clad.

5.1.7 Phase analysis of EWAC- WC10Co2Ni developed clads

The XRD spectra of developed composite clad of EWAC-xWC10Co2Ni (x=10,20,30) % is 

shown in Figure 5.32. The presence of different phases such as NiCo2O4, Ni2W4C, Ni2Si, 

NiAl2O4, W2C, Ni3Si, Cr3C2, FeNi is observed from the obtained XRD spectra. The phases 

such as Ni2W4C, W2C, Ni3Si, and Cr3C2 are observed (high intensity peaks) as major phases. 

Nickel and chromium were present as major elements in EWAC powder. The microwave 

heating produces very high temperature and results into decomposition of W2C into W and C. 

Further, the reaction of this decomposed tungsten (W) and carbon (C) with elements present in 

EWAC powder results into formation of Ni2W4C and Cr3C2. Cr and Si diluted into molten
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Figure 5.32: A typical XRD pattern of developed EWAC-xWC10Co2Ni composite clad 

pool, when the matrix material melts. But, the C has low solubility in Ni liquid solution; hence, 

results into formation of Ni3Si at high temperature owing to the reaction of Ni with Si. Few 

less intensity peaks of NiCo2O4, Ni2Si, NiAl2O4, and FeNi were also present. The formation of 

NiCo2O4 is the result of reaction between decomposed Co with Ni and O present in 

reinforcement powder, matrix powder and atmosphere, respectively. The very high 

temperature produced during microwave irradiation results into formation of NiAl2O4 phase, 

because alumina sheet, which was directly in contact with the molten layer, reacts with Ni. The 

formation of phase FeNi evidenced that Fe diluted from substrate to clad region.  

The results of NIR values are presented in Table 5.6-5.8. 

Table 5.6: Normalized intensity ratio values of EWAC-10WC10Co2Ni composite clad 

S. 

No. 
Phase I1 I2 I3 I4 I5 I6 l7 Iback 

NIR 

(%) 

1 NiCo2O4 60.97 - - - - - - 45 0.16 

2 Ni2W4C - 5823.33 - - - - - 45 58.27 

3 NiAl2O4 - - 90.81 - - - - 45 0.46 

4 W2C - - - 2023.42 - - - 45 19.95 

5 Ni3Si - - - - 896.13 - - 45 8.58 

6 Cr3C2 - - - - - 1090.65 - 45 10.55 

7 FeNi - - - - - - 245.34 45 2.02 
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Table 5.7: Normalized intensity ratio values of EWAC-20WC10Co2Ni composite clad 

S. 

No. 
Phase I1 I2 I3 I4 I5 I6 l7 Iback 

NIR 

(%) 

1 NiCo2O4 169.05 - - - - - - 41 1.47 

2 Ni2W4C - 3854.76 - - - - - 41 43.80 

3 NiAl2O4 - - 290.49 - - - - 41 2.87 

4 W2C - - - 2063.21 - - - 41 23.22 

5 Ni3Si - - - - 1163.1 - - 41 12.89 

6 Cr3C2 - - - - - 1163.1 - 41 12.89 

7 FeNi - - - - - - 290.53 41 2.87 

 

Table 5.8: Normalized intensity ratio values of EWAC-30WC10Co2Ni composite clad 

S. 

No. 
Phase I1 I2 I3 I4 I5 I6 l7 Iback 

NIR 

(%) 

1 NiCo2O4 174.15 - - - - - - 33 2.18 

2 Ni2W4C - 2534.42 - - - - - 33 38.65 

3 NiAl2O4 - - 324.26 - - - - 33 4.50 

4 W2C - - - 1743.1 - - - 33 26.43 

5 Ni3Si - - - - 815.31 - - 33 0.93 

6 Cr3C2 - - - - - 759.95 - 33 12.09 

7 FeNi - - - - - - 158.64 33 1.02 

 

The contribution of phase Ni2W4C is highest in the developed EWAC-10-30WC10Co2Ni 

clads. This phase contributes 58.27 %, 43.80% and 38.65% in the developed EWAC-10-30 

WC10Co2Ni clads, respectively. Phase W2C has identified as second major phase which 

contributes 19.95%, 23.22% and 26.43% in the developed EWAC-10-30WC10Co2Ni clads, 

respectively. 
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5.1.8 Microhardness study of EWAC- xWC10Co2Ni developed clad  

Hardness is an essential property of microwave processed clad, which significantly influences 

the wear characteristics. The hard carbides present in the matrix region might result in the 

higher hardness of the clad region. This fact is verified by taking the microhardness 

indentations across the lateral section of developed composite clads. The indents for EWAC-

10WC10Co2Ni, EWAC-20WC10Co2Ni and EWAC-30WC10Co2Ni, are made at a distance 

of 40 µm, 60 µm, and 70 µm, respectively, according to variation in thickness of developed 

clad (Figures 5.33-5.35). The indents are made starting from top of clad and proceeding in 

direction of the substrate surface. The indents, at a distance of 60 µm, at the either sides of each 

indent are also made. An average of 12 sets of indents is evaluated for better understanding.  

 

 
Figure 5.33: Microhardness profile of the developed EWAC-10WC10Co2Ni composite clad 
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Figure 5.34: Microhardness profile of the developed EWAC-20WC10Co2Ni composite clad 

 

 
Figure 5.35: Microhardness profile of the developed EWAC-30WC10Co2Ni composite clad 

The observed average microhardness values of EWAC-10WC10Co2Ni, EWAC-20 

WC10Co2Ni and EWAC-30WC10Co2Ni are 625±81 HV, 795±78 HV, and 925± 57 HV, 
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which are almost 3.53, 4.36 and 4.91 times higher than substrate microhardness value. The 

variation in hardness in the clad region shows that indents on the soft matrix and hard phases 

are made. The least average microhardness was observed in EWAC-10WC10Co2Ni. This is 

because very few carbide phases were present in the clad region, and indents are mostly fallen 

at comparatively soft Nickel matrix. Similarly, the volume fraction of carbide particles was 

more in EWAC-30WC10Co2Ni. Therefore, the formation of carbide phases is more, which 

results into fall of most indents on hard carbide phases and results into higher hardness. In 

EWAC-20WC10Co2Ni, the formation of carbide phases was less than EWAC-30WC10Co2Ni 

and more than EWAC-10WC10Co2Ni, therefore, the indents fell on soft nickel matrix as well 

as on carbide phases. Due to less plastic deformation at carbide phases, the observed hardness 

value was more and high plastic deformation at soft matrix results into less hardness value. 

Therefore, higher hardness value was observed in higher concentration of reinforcement. The 

clad microhardness analysis verifies the combination of high hardness associated with high 

toughness. 

5.1.9 Porosity assessment of EWAC- xWC10Co2Ni developed clad  

The porosity of developed EWAC-xWC10Co2Ni composite clads is assessed. The porosity in 

the three different regions of each clad is assessed and the average porosity is considered (Table 

5.9). 

Table 5.9: The results of porosity measurement of EWAC- xWC10Co2Ni composite clad 

Percentage porosity 

Composition 
Region 

Mean 
(i) (ii) (iii) 

EWAC-
10WC10Co2Ni 

Total pores 1502 3485 1443 2143 
Pores % 0.85 1.08 0.79 0.90 

EWAC-
20WC10Co2Ni 

Total pores 14117 11968 11860 12648 
Pores % 1.38 1.36 1.04 1.20 

EWAC- 
30WC10Co2Ni 

Total pores 20774 21695 18948 20472 
Pores % 1.50 1.3 1.37 1.39 

 

The average values of porosity for EWAC-10WC10Co2Ni, EWAC-20WC10Co2Ni and 

EWAC-30WC10Co2Ni are found as 0.90%, 1.20% and 1.39%, respectively. The reason for 

low porosity in microwave processed clad is presence of less thermal gradient and lower 

solidification rate associated during microwave processing. The volumetric nature of heating 

and hybrid mode of heating is helps to achieve such conditions and hence yields low level of 

porosity in developed composite clads.  
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5.1.10 Flexural strength studies of EWAC-xWC10Co2Ni developed clad 

The observations after examine the flexural behaviour on developed EWAC-xWC10Co2Ni 

composite clads showed three-stage (Figures 5.36-5.38) load-displacement nature before 

failure.

Figure 5.36: a) Load-displacement characteristics of developed EWAC-10WC10Co2Ni clad 

through microwave heating during standard 3-point bend test; magnifying views of load-

displacement characteristics b) up to 1 mm c) between 1 mm to 3 mm d) ahead of 3 mm
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Figure 5.37: a) Load-displacement characteristics of developed EWAC-20WC10Co2Ni clad 

through microwave heating during standard 3-point bend test; magnifying views of load-

displacement characteristics b) up to 1 mm c) between 1 mm to 3 mm d) ahead of 3 mm

Figure 5.38: a) Load-displacement characteristics of developed EWAC-30WC10Co2Ni clad 

through microwave heating during standard 3-point bend test; magnifying views of load-

displacement characteristics b) up to 1 mm c) between 1 mm to 3 mm d) ahead of 3 mm
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The stage I, shows the linear displacement of developed clad up to lower transition load (303, 

410 and 547 for EWAC-10WC10Co2Ni, EWAC-20WC10Co2Ni, EWAC-30WC10Co2Ni, 

respectively). The elastic behaviour of matrix phase of developed clads is observed in this 

stage. The developed clads experienced plastic deformation ahead of lower transition load. 

With further increase in load, the formation of micro cracks start increasing at top surface of 

clad layer. This continues up to upper transition load (stage II) (3100, 2972 and 3055 for 

EWAC-10WC10Co2Ni, EWAC-20WC10Co2Ni, EWAC-30WC10Co2Ni, respectively). The 

stress may get release during the propagation of micro cracks. Further increase in load, the 

micro cracks started to propagate in all directions and it reaches to interface of clad substrate. 

At this stage of load transmission, the developed clad fails owing to the detachment of clad 

layer from substrate region.  

Table 5.10: Observations of developed EWAC- xWC10Co2Ni clads during flexural testing 

Composition S. No. 
LTL 
(N) 

UTL 
(N) 

UTL 
(mm) 

FS 
(MPa) 

Maximum 
load (N) 

Maximum 
 

Deformation 
index [×10-4]    

(mm N-1) 

EWAC 
+ 

10WC10Co2Ni 

1 303 3100 0.58 643 6171 5.4 2.33 
2 289 2979 0.55 635 6098 5.2 2.37 
3 298 3002 0.55 638 6122 5.1 2.36 

Mean 297 3027 0.56 639±4 6130 5.23 2.35 

EWAC 
+  

20WC10Co2Ni 

1 410 2972 0.54 656 6296 5.4 2.26 
2 425 3015 0.54 661 6345 5.5 2.23 
3 455 3095 0.55 658 6315 5.4 2.23 

Mean 430 3028 0.54 658±3 6319 5.43 2.24 

EWAC 
+ 

30WC10Co2Ni 

1 547 3055 0.50 711 6826 5.0 2.05 
2 590 3190 0.51 738 7087 5.2 2.01 
3 625 3261 0.55 725 6956 5.3 1.99 

Mean 587 3169 0.52 725±14 6956 5.17 2.02 
LTL- lower transition load, UTL- - deformation, FS- flexural strength 

It has been observed from Table 5.10 that LTL has gradually increased with increase in the 

weight percentage of WC10Co2Ni reinforcement in the EWAC based composite clads like 

Cr3C2 reinforced composite clads. The reason attributed behind this is the gradual increase in 

the average microhardness of clad region (discussed in section 5.1.8). However, for UTL, the 

interfacial bonding strength of carbide particles with matrix material also play a significant 

role. The wettability of tungsten carbide particles with Ni is low due to large contact angles 

[177]. The value of average microhardness in the EWAC-10WC10Co2Ni composite clads was 

low (625±81 HV), therefore, the interfacial bonding strength plays a dominating role. Similar 

trend has been observed for EWAC-20WC10Co2Ni. However, for EWAC-30WC10Co2Ni a 

significant increase in UTL was observed, which is due to the corresponding significant 

increase in the average microhardness of clad region (925± 57 HV). Therefore, in this case, the 



110

microhardness possibly dominates the interfacial bonding strength. The low values of DI 

confirm that the cracks formation was not severe. Three samples of each composition have 

been tested and average values have been considered.

The 3-point bend tested clad samples SEM images are shown in Figure 5.39-5.41. It 

was observed that the primary micro cracks occurred in the developed composite clads are due 

to initial loading. The continuous increase in load results into widened these micro cracks and 

ultimately fails of clad layer. However, even at such high applied load, good metallurgical 

bonding of clad layer helps to prevents the peeling of the clad layer from substrate.

Figure 5.39: Fractured EWAC-10WC10Co2Ni clad specimen after 3-point bend test            

(a) Photograph of the top surface; SEM micrograph showing (b) primary cracks (c) secondary 

cracks
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Figure 5.40: Fractured EWAC-20WC10Co2Ni clad specimen after 3-point bend test           

(a) Photograph of the top surface; SEM micrograph showing (b) primary cracks (c) secondary 

cracks

Figure 5.41: Fractured EWAC-30WC10Co2Ni clad specimen after 3-point bend test           

(a) Photograph of the top surface; SEM micrograph showing (b) primary cracks (c) secondary 

cracks
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5.1.11 Microstructural characterization of developed EWAC-xAl2O3composite clads

The BSE images of the cross-section of microwave synthesized EWAC-5Al2O3, EWAC-

10Al2O3 and EWAC-15Al2O3composite clads are shown in Figure 5.43-5.45. The clads of 

almost uniform thickness ~540 µm,970µm and1090 µm were successfully deposited, which 

can be clearly seen from Figure 5.42-5.44 (a).

Figure 5.42: Typical BSE images of developed EWAC-5Al2O3 clad a) clad region, substrate 

& interface b) enlarged view of clad region

Figure 5.43: Typical BSE images of developed EWAC-10Al2O3 clad a) clad region, substrate 

& interface b) enlarged view of clad region

Figure 5.44: Typical BSE images of developed EWAC-15Al2O3 clad a) clad region, substrate 

& interface b) enlarged view of clad region
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The clear wavy interface is free from visible discontinuities, and the clad region is free of 

solidification and interfacial cracks, which are generally present in other cladding/coating 

processes. The absence of dendrite formation of cells in the clad region is due to the uniform 

thermal gradient, restricting the cell transition into dendrites [178]. The EDS analysis was 

carried out to verify the elemental composition of the white and black phases. For this purpose, 

the white phase location marked as X and the black phase location marked as Y (Figure 5.42-

5.44 (b)) were analyzed. The EDS spectra of both locations are shown in Figure 5.45-5.47. 

Figure 5.45: EDS analysis of developed EWAC-5Al2O3 clad at a) phase X b) phase Y

Figure 5.46: EDS analysis of developed EWAC-10Al2O3 clad at a) phase X b) phase Y

Figure 5.47: EDS analysis of developed EWAC-15Al2O3 clad at a) phase X b) phase Y
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The enlarged view of the particular selected region (Figure 5.43-5.45(b)) shows randomly 

dispersed and partially agglomerated Al2O3(black phase) reinforced particles in Ni-based 

matrix (white phase), as a dispersed pattern, throughout the cladding. The setup of convective 

current during microwave heating is responsible for the agglomeration of Al2O3 particles in the 

clad region. The overall strength of developed composite clad can be achieved by the uniform 

dispersion of these reinforcement particles (black phase) inside the soft Ni matrix (white phase)

[166]. Therefore, the elemental area mapping of the developed clad was carried out to 

investigate the dispersion. The location and results of the EDS area mapping are presented in 

Figure 5.48-5.50. The mapping results reveal that the Al and O are uniformly dispersed 

throughout the matrix. Simultaneously, the darker spots (Al and O presence in bulk) 

corresponding to black phases, again confirmed that these are agglomerated Al2O3 particles. 

Further, it is also exhibited that all the other minor elements (C, Si, Cr, and Fe) are well 

dispersed in the Ni-based matrix.

Figure 5.48: EDS mapping of developed EWAC-5Al2O3 composite clad (a) area mapped 

location (b) O (c) Al (d) Si (e) Ni (f) Cr (g) C (h) Fe
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Figure 5.49: EDS mapping of developed EWAC-10Al2O3 composite clad (a) area mapped 

location (b) C (c) O (d) Al (e) Si (f) Ni (g) Cr (h) Fe

Figure 5.50: EDS mapping of developed EWAC-15Al2O3 composite clad (a) area mapped 

location (b) C (c) O (d) Al (e) Si (f) Fe (g) Ni (h) Cr
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5.1.12 Phase analysis of EWAC-xAl2O3 developed clads 

The XRD pattern of the microwave synthesized EWAC-xAl2O3(x= 5,10,15) % composite clads 

is shown in Figure 5.51. 

Figure 5.51: A typical XRD pattern of developed EWAC-xAl2O3composite clads 

The analyzed XRD results confirm that the microwave synthesized EWAC-xAl2O3 composite 

clads are composed of the following phases: Intermetallics (Ni3Si, FeNi3, and Fe7Ni3), Carbides 

(Fe5C2) and Oxides (Al2O3 and SiO2). Ni and Si both were constituents of raw clad powder, 

and the increase in affinity of Ni and Si at high-temperature during intense microwave heating 

results in the formation of the Ni3Si phase [137]. However, the formation of phases like FeNi3, 

Fe7Ni3 and Fe5C2 reveals that the Fe from the substrate has reacted with the Ni and C of clad 

powder. Moreover, the formation of FeNi3, Fe7Ni3and Fe5C2 phase in developed composite 

clads validate the claim of Fe dilution into the clad region. Since Fe was not present initially in 

the significant percentage in Ni-based clad powder, it also supports the claim of metallurgical 

bonding. Al2O3 material particles are transparent to microwave till 600ºC [179], i.e., the 

Al2O3particles have remained dispersed in the soft Ni-based matrix in their original form after 

the microwave heating. Also, the O present in the atmosphere might have reacted with the Si, 

present in both the clad powders, and resulted in the formation of the SiO2 phase. In contrast, 

the formation of the SiO2 layer is advantageous to some extent because it further increases the 

oxidation resistance [159]. Further, the XRD quantitative evaluation results of the developed 

EWAC-xAl2O3composite clads in terms of NIR values are presented in Table 5.11-5.13. 
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Table 5.11: Normalized intensity ratio values of EWAC-5Al2O3 composite clad 

S.No. Phase I1 I2 I3 I4 I5 I6 Iback NIR(%) 

1 FeNi3 119.55 - - - - - 45.5 0.44 

2 Al2O3 - 7694.99 - - - - 45.5 45.40 

3 Fe5C2 - - 2312.1 - - - 45.5 13.45 

4 SiO2 - - - 2723.49 - - 45.5 15.89 

5 Ni3Si - - - - 3036.9 - 45.5 17.75 

6 Fe7Ni3 - - - - - 1234.76 45.5 7.06 

 

Table 5.12: Normalized intensity ratio values of EWAC-10Al2O3 composite clad 

S.No. Phase I1 I2 I3 I4 I5 I6 Iback NIR(%) 

1 FeNi3 98.53 - - - - - 40 0.32 

2 Al2O3 - 8030.34 - - - - 40 43.53 

3 Fe5C2 - - 3549.89 - - - 40 19.12 

4 SiO2 - - - 3569.39 - - 40 19.23 

5 Ni3Si - - - - 2374.56 - 40 12.72 

6 Fe7Ni3 - - - - - 973.07 40 5.08 
 

Table 5.13: Normalized intensity ratio values of EWAC-15Al2O3 composite clad 

S.No. Phase I1 I2 I3 I4 I5 I6 Iback NIR(%) 

1 FeNi3 78 - - - - - 50 0.18 

2 Al2O3 - 6225.22 - - - - 50 39.19 

3 Fe5C2 - - 3898.55 - - - 50 24.42 

4 SiO2 - - - 2285.43 - - 50 14.19 

5 Ni3Si - - - - 2941.65 - 50 18.35 

6 Fe7Ni3 - - - - - 630.22 50 3.68 

 

The contribution of phase Al2O3 is highest in the developed EWAC-5-15Al2O3 clads. This 

phase contributes 45.40 %, 43.53% and 39.19% in the developed EWAC-5-15Al2O3 clads, 

respectively.  
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5.1.13 Microhardness study of EWAC-xAl2O3 developed clad  

The microhardness and other mechanical properties are entirely associated with the 

microstructure of the material. Microstructure depends on the clad powder composition, size, 

experimental conditions like heating rate, cooling rate and heating profile [16], [20], [180]

[182]. The composite clads developed using microwave irradiation and Al2O3 reinforcements, 

in different weight percentage, are expected to enhance the clad region's microhardness. 

Therefore, to authenticate this fact, the microhardness of the clad region was evaluated. The 

microhardness profiles of the EWAC-xAl2O3composite clads are shown in Figures 5.52-5.54. 

 

Figure 5.52: Microhardness profile of the developed EWAC-5Al2O3 composite clad 

   

Figure 5.53: Microhardness profile of the developed EWAC-10Al2O3 composite clad 
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Figure 5.54: Microhardness profile of the developed EWAC-15Al2O3 composite clad 

The clad region's average microhardness came out 533.68±61 HV, 683.29±42 HV and 

744.12±32 HV, for EWAC-5Al2O3, EWAC-10Al2O3 and EWAC-15Al2O3 respectively, which 

is roughly 3.42, 3.62 and 3.88 more than the substrate. The non-uniformity in the 

microhardness profile is due to indentation made on hard phases (Al2O3 and Fe5C2), shows a 

steep increase in microhardness compared to indentation made on the soft matrix phase. The 

maximum microhardness value is observed when indentation was made on the Al2O3 

phase( 850 HV). The inherent hardness of alumina particles restricts plastic deformation and 

results in maximum hardness. However, soft Ni- matrix cannot restrict plastic deformation 

significantly and results in less microhardness value.  

5.1.14 Porosity assessment of EWAC-xAl2O3 developed clad  

Porosity dramatically affects the mechanical properties of developed composite clad and 

influences clad behaviour when subjected to cavitation erosion environment. The porosity 

measurement of the developed EWAC-xAl2O3composite clads was carried out. The porosity 

analysis results are presented in Table 5.14. The average porosity of microwave synthesized 

EWAC-xAl2O3 composite clads was measured as 1.20%, 1.30%, and 1.33% which is 

appreciably less than other cladding/coating processes. Only the volumetric heating 

characteristics of microwave heating could be responsible for developing cladding having 

significantly less porosity [64]. 
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Table 5.14: The results of porosity measurement of EWAC-xAl2O3composite clad

Percentage porosity

Composition
Region

Mean
(i) (ii) (iii)

EWAC-5Al2O3 Total pores 3215 2499 2925 2880
Pores % 1.24 1.18 1.20 1.20

EWAC-10Al2O3 Total pores 9717 8471 7054 8414
Pores % 1.25 1.41 1.26 1.30

EWAC-15Al2O3 Total pores 8000 9037 8772 8603
Pores % 1.21 1.45 1.35 1.33

5.1.15 Flexural strength studies of EWAC-xAl2O3 developed clad 

The observations after examine the flexural behaviour on developed EWAC-xAl2O3are shown 

in Figure 5.55-5.57. 

Figure 5.55: a) Load-displacement characteristics of developed EWAC-5Al2O3 clad through 

microwave heating during standard 3-point bend test; magnifying views of load-displacement 

characteristics b) up to 1 mm c) between 1 mm to 3 mm d) ahead of 3 mm
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Figure 5.56: a) Load-displacement characteristics of developed EWAC-10Al2O3 clad through 

microwave heating during standard 3-point bend test; magnifying views of load-displacement 

characteristics b) up to 1 mm c) between 1 mm to 3 mm d) ahead of 3 mm

Figure 5.57: a) Load-displacement characteristics of developed EWAC-15Al2O3 clad through 

microwave heating during standard 3-point bend test; magnifying views of load-displacement 

characteristics b) up to 1 mm c) between 1 mm to 3 mm d) ahead of 3 mm
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During stage-1, the ductile Ni-based matrix underwent elastic deformation due to the applied 

load, as the load increase beyond the lower transition load and Ni-based matrix start elongating 

due to tensile stresses, which is stage-2. Later in this stage, the applied load is shifted to the 

Al2O3 reinforcement phase. Therefore, the staircase profile is observed (Figures 5.55-5.57 (b)), 

which indicates that a tremendous amount of load is borne by developed clads with less 

deformation. During stage-2, the clads have experienced plastic deformation, and the increase 

in load results in the formation of more micro-cracks on the top surface of developed composite 

clad. These micro-cracks grow and propagate up to upper transition load (stage 2). The induced 

stresses may also get released during this stage due to the propagation of micro cracks. Further, 

in stage-3, an increase in load results in the propagation of micro-cracks in all directions, and 

finally, these cracks reached up to substrate-clad interface. The developed clads failed, and the 

load is transferred to the substrate. The substrate load vs deformation characteristics is shown 

in Figure 5.55-5.57 (c).  The de-bonding of cladding and substrate causes failure and load start 

dropping, as illustrated in Figure 5.55-5.57 (d).  

 The higher flexural or peel-off strength of the developed composite clads is attributed 

to the metallurgical bonding of the clad to the substrate due to partial dilution. The observed 

flexural strength and DI values are tabulated in Table 5.15. 

Table 5.15: Observations of developed EWAC-xAl2O3 clads during flexural testing 

 
Composition 

S. 
No. 

LTL 
(N) 

UTL 
(N) UTL 

(mm) 

FS 
 (MPa) 

Maximum 
load (N) 

Maximum 
 

Deformation 
index [×10-4]    

(mm N-1) 
EWAC 

+ 
5Al2O3 

1 262 1870 0.74 618 5929 5.0 5.78 
2 270 1900 0.68 626 6010 5.2 5.75 
3 288 1950 0.65 630 6050 5.4 5.70 

Mean 273 1907 0.69 625±6 5996 5.20 5.74 
EWAC 

+ 
10Al2O3 

1 412 3923 0.85 849 8152 5.5 2.70 
2 515 4080 0.92 855 8210 5.4 2.66 
3 399 3879 0.83 841 8071 5.6 2.71 

Mean 442 3961 0.87 848±7 8144 5.50 2.69 
EWAC 

+  
15Al2O3 

1 361 4323 0.93 838 8044 5.1 2.48 
2 478 4502 1.03 854 8198 5.4 2.44 
3 528 4657 1.14 870 8350 5.6 2.42 

Mean 456 4494 1.04 854±16 8197 5.37 2.44 
LTL- lower transition load, UTL- - deformation, FS- flexural strength 

The Table 5.15 shows that in the EWAC based and Al2O3 reinforced composite clads the 

similar trend has been observed as Cr3C2 and WC10Co2Ni reinforced composite clads for LTL. 

For UTL, the same trend has been observed as Cr3C2 reinforced composite clads. However, the 

agglomeration in EWAC based and Al2O3 reinforced composite clads is comparatively lower 

because Al2O3 is transparent to microwave irradiation. Also, the density of Al2O3 is least (3.97 
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g/m3) [183] among all the studied reinforcements. Therefore, the interfacial region is the 

highest in EWAC-15Al2O3 composite clads, which results into higher resistance to crack 

growth and propagation. This is the possible reason that the highest flexural strength value is 

observed in EWAC-15Al2O3 composite clads.

The top surfaces of the fractured test specimens are shown in Figure 5.58-5.60. The 

SEM images show that, the loading on the surface creates multidirectional macro cracks in the 

clad. The cracks spread as the secondary cracks (Figure 5.58-5.60(c)) to the interface as the 

load progresses. The EWAC-xAl2O3 composite clads have greater ductility due to the presence 

of Ni in the matrix. However, the Al2O3 particles, due to their brittle nature, act as a crack 

formation point between the reinforcement and the matrix phase.

Figure 5.58: Fractured EWAC-5Al2O3 clad specimen after 3-point bend test (a) Photograph of 

the top surface; SEM micrograph showing (b) primary cracks (c) secondary cracks
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Figure 5.59: Fractured EWAC-10Al2O3 clad specimen after 3-point bend test (a) Photograph 

of the top surface; SEM micrograph showing (b) primary cracks (c) secondary cracks

Figure 5.60: Fractured EWAC-15Al2O3 clad specimen after 3-point bend test (a) Photograph 

of the top surface; SEM micrograph showing (b) primary cracks (c) secondary cracks
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CHAPTER 6 

TRIBOLOGICAL PERFORMANCE OF THE CLADS 

 
6.  

Wear in engineering components is a serious problem that degrades the functionality of 

engineering components. The common causes of wear are cavitation (interaction with fluid), 

adhesion, abrasion, corrosion, surface fatigue, fretting, and erosion. The components of hydro 

turbines are more prone to cavitation and get replaced frequently, which leads to huge revenue 

loss and lowers the hydro plant efficiency. Austenitic stainless steel is widely used in the power 

generation sector (hydraulic turbines). The stainless steel used in engineering applications 

experiences extreme metallic wear, therefore, it is not suggested in extreme wear conditions. 

 The different metal matrix composites are widely used to combat cavitation erosion 

wear in power generation sector. In the current work, the Nickel based (EWAC) and; chromium 

carbide, tungsten carbide and alumina reinforced, in different weight percentage, MMCs are 

developed on SS-316 substrate through novel MHH technique. The developed clads are tested, 

to check their tribological performance, using vibratory cavitation testing apparatus. The 

current chapter presents the results of tribological characterizations of developed clads in detail. 

In start, the results of cavitation erosion parametric study of SS-316, EWAC-xCr3C2 

(x=10,20,30) % composite clads, EWAC-xWC10Co2Ni (x=10,20,30) % composite clads and 

EWAC-xAl2O3 (x=5,10,15) % composite clads are presented in terms of weight loss. Later, 

the effect of parameters stand-off distance, amplitude and immersion depth on cavitation 

erosion behaviour of developed clads has been discussed in detail. In last, the fractographic 

analysis of the worn surfaces to know the possible wear mechanism using SEM has been 

reported.  

6.1 Results of Parametric Study of Cavitation Erosion Behaviour of SS-316 and 

Developed Clads 

The Taguchi L9 orthogonal array is used for cavitation erosion wear testing of the stainless 

steel-316 substrate and developed EWAC-xCr3C2, EWAC-xWC10Co2Ni & EWAC-xAl2O3 

composite clads. The obtained experimental results in terms of cumulative mass loss or 

cumulative weight loss (CWL) were further converted in other terms like cumulative volume 

loss (CVL), cavitation erosion rate (CER); mean depth of erosion (MDE); means erosion rate 

(MER) and incubation time (IBT) in order to effectively compare the results of various 
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compositions. The relations used for calculation of the above-mentioned terms according to 

ASTM G32-16 Standards are: 

i. Volume loss or CVL (mm3) = , Where, W is weight loss in mg and  is 

density in g/cm3.  

ii. CER (mg/h) =  , Where, W is weight loss in mg and t is time interval in hours. 

iii. MDE (µm) =  , and MER (µm/h) =  , Where, W is weight loss 

in mg,  is the density of the material in g/cm3, A is the area of eroded specimen in cm2 (In 

current study it is taken equal to area of the ultrasonic horn, Diameter of horn = 1.5 cm and 

area = r2 = 1.77 cm2 or 176.7 mm2).  

iv. IBT (Minutes/Hours) = The incubation period is the first stage of cavitation erosion, 

during which cavitation erosion is zero or negligible in comparison to later stages. Materials 

subjected to cavitation testing have a higher resistance to impingement jets during the 

incubation period. Because the material initially has a lower cavitation erosion rate, therefore, 

the period up to which only 10% of maximum recorded weight loss has occurred, is considered 

as the incubation period in this study. 

6.1.1 Results of parametric study of cavitation erosion behaviour of SS-316 (substrate) 

The cavitation erosion testing has been carried out, according to Taguchi L9 orthogonal array 

(with optimization goal- larger is better). The Taguchi L9 orthogonal array has four columns, 

where three columns are assigned to each parameter or control factor (SOD-standoff distance, 

AMP-Amplitude and IMD-immersion depth) and the fourth column is assigned to the error. 

The experimental results of cavitation testing of substrate are tabulated in Table 6.1.  

Table 6.1: Cavitation erosion study results for substrate 

Run 
Order 

SOD 
(mm) 

AMP 
(µm) 

IMD 
(mm) 

CWL 
(mg) 

CVL 
(mm3) 

CER 
(mg/h) 

MDE 
(µm) 

MDER 
(µm/h) 

IBT 
(min) 

1 0.5 40 80 34.9 4.4 3.88 15.8 1.75 126.7 
2 0.5 50 100 36.8 4.6 4.09 16.6 1.85 122.81 
3 0.5 60 120 40.9 5.1 4.54 18.5 2.05 91.20 
4 1 40 100 25.6 3.2 2.84 11.6 1.28 134.89 
5 1 50 120 26.9 3.4 2.99 12.1 1.35 126.49 
6 1 60 80 40.1 5.0 4.46 18.1 2.01 95.22 
7 1.5 40 120 10.2 1.3 1.13 4.6 0.51 288.20 
8 1.5 50 80 25 3.1 2.78 11.3 1.25 133.18 
9 1.5 60 100 27.5 3.4 3.06 12.4 1.38 130.49 
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It is clear from the Table 6.1 that the highest weight loss in substrate has occurred at test 

parameter 3, when SOD was least (0.5 mm) and amplitude and IMD was highest (60 µm and 

120 mm). At this test parameter, the highest mean erosion rate of 2.05 µm/h and least 

incubation period of 91.20 min was recorded. The plot of cumulative weight loss as a function 

of cavitation erosion test time for all substrate specimens is shown in Figure 6.1.  

 
Figure 6.1: Line plot showing weight loss as the function of time for cavitation erosion wear 

of substrate at different parameters 

The less weight loss, due to cavitation erosion wear, was observed in the initial phase; but at 

later stages (increase in testing time) the weight loss increases. The steady or constant erosion 

rate has been observed in the initial phase. After 120 min of cavitation erosion testing; the 

sudden increase in the weight loss can be seen. This indicates the higher erosion rate at later 

stages during cavitation phenomena.  

6.1.2 Results of statistical analysis of cavitation erosion behaviour of substrate 

The most commonly used response variable by researchers in cavitation studies is the 

cumulative weight loss. Therefore, it was selected further; as the response variable for 

statistical analysis and mathematical modelling. The main effect plot for means of process 

parameters is shown in Figure 6.2. 
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Figure 6.2: Main effect plots for cumulative weight loss of substrate 

It is monitored from the plots that the closeness and inclination of parameter line decides the 

significance of factor. The more inclined parameter line to horizontal axis represents the more 

significance of control factor. It is easy to understand from the plots that SOD is most 

influencing and significant control factor for the weight loss of substrate surface followed by 

AMP, and IMD is least influencing and significant control factor in this domain of study. It can 

be seen clearly from the Figure 6.2, that the weight loss has been decreased when separation 

distance and immersion depth is increased and amplitude is decreased.  

 Further, to study the statistical significance and percentage contribution of the test 

parameters toward cavitation erosion, analysis of variance (ANOVA) was carried out; the 

confidence interval was taken as 95%. Table 6.2 presents the ANOVA results for response 

characteristics (cumulative weight loss).  

Table 6.2: ANOVA results for cumulative weight loss of substrate- Taguchi L9 array analysis  

Source DF Seq SS Adj SS Adj MS F P 
Percentage 

Contribution 

SOD (mm) 2 420.447 420.447 210.223 130.3 0.008 56.60 
AMP (µm) 2 238.32 238.32 119.16 73.86 0.013 32.08 
IMD (mm) 2 80.847 80.847 40.423 25.06 0.038 10.88 

Residual Error 2 3.227 3.227 1.613   0.43 
Total 8 742.84      

 

It is clear from the ANOVA table that the role of all three-test parameters (SOD, IMD, AMP) 

is statistically significant (p-value less than 0.05 is considered as a significant parameter). Table 

6.2 shows that the weight loss of SS-316 is most influenced by SOD (56.60 %), followed by 
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AMP (32.08%) and IMD (10.88%). The cavitation-testing phenomenon, due to the 

involvement of the simultaneous action of many factors, such as SOD, AMP, IMD, test liquid 

temperature, target material properties, and machine error, becomes challenging to understand. 

Although, an attempt was made to reduce the influence of some of the factors, such as 

maintained the test liquid temperature constant at 25 ±5°C. Moreover, the specimens were 

tested at 20 kHz for 9 h so that the possibility of the influence of machine error can be reduced 

to the lowest due to a large number of testing cycles (32,400 s × 20,000 = 6.48 × 109 cycles). 

Therefore, the percentage contribution of error in the present study is 0.43% only.  

 The response table for the weight loss values of substrate is presented in Table 6.3. The 

response table helps to monitor the effect of control factors with the help of delta statistics.  

Table 6.3:  Response table for cumulative weight loss in substrate 

Level SOD (mm) AMP (µm) IMD (mm) 

1 37.53 23.57 33.33 
2 30.87 29.57 29.97 
3 20.9 36.17 26 

Delta 16.63 12.6 7.33 
Rank 1 2 3 

 

The delta statistics is determined by the difference between highest and lowest average value 

of the individual factor and based on these values the rank of delta statistics is assigned. Higher 

the value of delta, higher is the rank and vice versa. This delta statistic helps to collect more 

data. The weight loss of surface is most influenced by the factor having the highest delta value. 

From the Table 6.3. it is again clear that SOD is the most influential factor followed by AMP 

and IMD. Furthermore, the cumulative weight loss has been mathematically modelled. Minitab 

17.0 was used to create the linear fit regression equation. The ANOVA table of regression 

analysis obtained is shown in Table 6.4.  

Table 6.4: ANOVA results for cumulative weight loss of substrate- Regression analysis 

Source DF 
Adj  
SS 

Adj  
MS 

F P 
Percentage 

Contribution 
SOD (mm) 1 415.002 415.002 229.75 0 55.87 
AMP (µm) 1 238.14 238.14 131.84 0 32.06 
IMD (mm) 1 80.667 80.667 44.66 0.001 10.86 

Residual Error 5 9.032 1.806   1.22 
Total 8 742.84     

Each of the three parameters has a significant impact on weight loss. According to the last 

column of the Table 6.4, the percentage contributions of SOD (55.87%) and AMP (32.06%) 
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are relatively higher than IMD (10.86%). Also, due to many uncontrollable factors, error 

contribution of 1.22% is observed.  

 The cumulative weight loss in substrate at various cavitation test parameters can be 

calculated using regression equation 6.1. 

 6.1 

The model summary of the regression equation is tabulated in Table 6.5.  

Table 6.5: Regression model summary for cumulative weight loss of substrate 

Model Summary 

S R-Sq R-Sq(Adj) R-Sq(Pred) 
1.344 98.78% 98.05% 96.38% 

 

The R2 (R-squared) value indicates the goodness of fit; or how well the regression model fits 

the observed data. In general, a higher R2 indicates a better model fit. The R2 value of 98.78% 

of current model shows that 98.78% data points are close to the developed linear equation. The 

relation between the regression model prediction for the new responses is indicated by the R2 

(predicted). The R2 (predicted) value of 96.38% of current model shows that this model can 

successfully predict results for new responses with accuracy of 96.38%.  

 The optimization of the test parameter is required to get the desired output. It is clear 

from Table 6.3 that the optimum test parameters at which weight loss is maximum are 0.5 mm 

SOD, 60 µm AMP and 80 mm IMD. Therefore, the prediction model at 95% confidence level 

for weight loss at these parameters has been generated. The prediction model summary at 

optimal test parameters is tabulated in Table 6.6.  

Table 6.6: Predicted values for cumulative weight loss of substrate 

Prediction Model  Summary 

Variable Input (SOD-0.5 mm, AMP-60 µm, IMD-80 mm) 
Fit SE Fit 95% CI 95% PI 

48.05 1.05065 (45.3492, 50.7508) (43.6648, 52.4352) 

It shows that values of the weight loss at optimal test parameters must lie between 43.6648 to 

52.4352 mg. These values are useful to compare the results with the confirmatory or validatory 

experiments. 
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6.1.3 Results of parametric study of cavitation erosion behaviour of EWAC-xCr3C2 

 (where x= 10,20,30) % composite clad 

Likewise, the developed EWAC-xCr3C2 composite clads have been tested for cavitation 

erosion wear behaviour. According to L9 Taguchi orthogonal array, 9 specimens of each 

composition (total 27 for EWAC-xCr3C2) have been tested. The experimental results of 

cavitation testing of EWAC-10Cr3C2, EWAC-20Cr3C2 and EWAC-30Cr3C2 are tabulated in 

Table 6.7-6.9, respectively.  

Table 6.7: Cavitation erosion study results for EWAC-10Cr3C2 

Run 
Order 

SOD 
(mm) 

AMP 
(µm) 

IMD 
(mm) 

CWL 
(mg) 

CVL 
(mm3) 

CER 
(mg/h) 

MDE 
(µm) 

MDER 
(µm/h) 

IBT 
(min) 

1 0.5 40 80 13 1.5 1.44 6.4 0.71 90.15 
2 0.5 50 100 13.8 1.6 1.53 6.8 0.75 87.95 
3 0.5 60 120 15.3 1.8 1.70 7.5 0.84 78.81 
4 1 40 100 9 1.0 1.00 4.4 0.49 127.82 
5 1 50 120 9.4 1.1 1.04 4.6 0.51 118.86 
6 1 60 80 14 1.6 1.56 6.9 0.77 81.37 
7 1.5 40 120 3.1 0.4 0.34 1.5 0.17 540 
8 1.5 50 80 7.6 0.9 0.84 3.7 0.42 161.83 
9 1.5 60 100 10 1.1 1.11 4.9 0.55 119.77 

 

Table 6.8: Cavitation erosion study results for EWAC-20Cr3C2 

Run 
Order 

SOD 
(mm) 

AMP 
(µm) 

IMD 
(mm) 

CWL 
(mg) 

CVL 
(mm3) 

CER 
(mg/h) 

MDE 
(µm) 

MDER 
(µm/h) 

IBT 
(min) 

1 0.5 40 80 6.7 0.8 0.74 3.2 0.36 164.21 
2 0.5 50 100 7.2 0.8 0.80 3.5 0.38 146.47 
3 0.5 60 120 8.1 1.0 0.90 3.9 0.43 119.77 
4 1 40 100 4.9 0.6 0.54 2.4 0.26 289.48 
5 1 50 120 5.3 0.6 0.59 2.5 0.28 173.35 
6 1 60 80 7.9 0.9 0.88 3.8 0.42 113.37 
7 1.5 40 120 2.1 0.2 0.23 1.0 0.11 540 
8 1.5 50 80 5 0.6 0.56 2.4 0.27 239.74 
9 1.5 60 100 5.9 0.7 0.66 2.8 0.32 157.44 

 

Table 6.9: Cavitation erosion study results for EWAC-30Cr3C2 

Run 
Order 

SOD 
(mm) 

AMP 
(µm) 

IMD 
(mm) 

CWL 
(mg) 

CVL 
(mm3) 

CER 
(mg/h) 

MDE 
(µm) 

MDER 
(µm/h) 

IBT 
(min) 

1 0.5 40 80 6.1 0.7 0.68 2.9 0.32 166.10 
2 0.5 50 100 6.4 0.8 0.71 3.0 0.33 148.92 
3 0.5 60 120 7.1 0.9 0.79 3.3 0.37 130.01 
4 1 40 100 4.5 0.5 0.50 2.1 0.23 291.93 
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5 1 50 120 4.8 0.6 0.53 2.3 0.25 274.85 
6 1 60 80 7 0.8 0.78 3.3 0.37 155.43 
7 1.5 40 120 1.8 0.2 0.20 0.8 0.09 540 
8 1.5 50 80 4.3 0.5 0.48 2.0 0.22 336.11 
9 1.5 60 100 4.8 0.6 0.53 2.3 0.25 301.73 

It can be observed from the experimental results that maximum weight loss of 15.3 mg, 8.1 mg 

and 7.1 mg for EWAC-10Cr3C2, EWAC-20Cr3C2 and EWAC-30Cr3C2, respectively, has 

recorded at parametric set-3. At this test parameter, the mean erosion rate for developed 

EWAC-10Cr3C2, EWAC-20Cr3C2 and EWAC-30Cr3C2 is recorded as 0.84 µm/h, 0.43 µm/h 

and 0.37 µm/h, respectively. The plots of cumulative weight loss as a function of cavitation 

erosion test time for all EWAC-xCr3C2 composite clads are shown in Figure 6.3-6.5. 

 
Figure 6.3: Line plot showing weight loss as the function of time for cavitation erosion wear 

of EWAC-10Cr3C2 specimens at different parameters 
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Figure 6.4: Line plot showing weight loss as the function of time for cavitation erosion wear 

of EWAC-20Cr3C2 specimens at different parameters 

 
Figure 6.5: Line plot showing weight loss as the function of time for cavitation erosion wear 

of EWAC-30Cr3C2 specimens at different parameters 

This is observed from Figures 6.3-6.5 that at the early stage of cavitation erosion testing the 

weight loss of EWAC base composite clads was more than the substrate (Figure 6.2). The 

substrate material shows better CER at earlier stages of testing, because the substrate surface 

has less initiation sites for cavitation erosion wear than the clad surface.  
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After initial phase, the trend reverses. The possible reason behind this is the removal of any 

unbounded or unmelted particles at earlier stage and the role of clad starts at this time. This is 

also proved by the further testing, where the weight loss of developed composite clad surface 

decreases significantly. On the other hand, it increases rapidly for substrate. The porosity 

analysis exhibits that the porosity of EWAC base clads was significantly less, which helps in 

reduction of cavitation erosion wear. The sites around pores become weak due to stress 

concentration and offer less resistance to cavitation erosion wear. This is interesting to note 

(Tables 6.7-6.9) that, developing EWAC-10Cr3C2 clad on substrate surface increases CER and 

increase in weight percentage of hard reinforcement (from 10% to 20%) results into sudden 

increase in CER. But, further addition of hard reinforcement (30%) did not contribute 

significantly in enhancement of CER. This is because that the toughness is also an essential 

property for CER and adding hard reinforcement into soft matrix decreases its toughness. 

Although, presence of hard carbide phases restricts the crack growth and results into lesser 

weight loss in all developed EWAC-xCr3C2 clad specimens. The weight loss in the developed 

EWAC base composite clads is lesser as compared to substrate at all experimental conditions. 

However, at some experimental conditions, even after 9 h of cavitation erosion testing, the 

recorded weight loss was not significant. The developed EWAC-xCr3C2 composite clads 

experience 2.67, 5.04 and 5.76 times lesser weight loss for EWAC-10Cr3C2, EWAC-20Cr3C2 

and EWAC-30Cr3C2, respectively, as compared to substrate at same experimental conditions.   

6.1.4 Results of statistical analysis of cavitation erosion behaviour of EWAC-xCr3C2 

 composite clads 

Figures 6.6-6.8 show the graphical effect of all three test parameters. It can be observed that 

with the increase in SOD the weight loss decreases suddenly, whereas, with the increase in 

AMP the abrupt increase in the weight loss was observed. However, main effect plot shows 

that the minimal decrease in weight loss has been observed with the increase of IMD. 
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Figure 6.6: Main effect plots for cumulative weight loss of EWAC-10Cr3C2 

 

 
Figure 6.7: Main effect plots for cumulative weight loss of EWAC-20Cr3C2 

 

 
Figure 6.8: Main effect plots for cumulative weight loss of EWAC-30Cr3C2 



136 
 

To study the statistical significance and percentage contribution of the test parameters towards 

cavitation erosion, analysis of variance (ANOVA) was carried out; the confidence interval was 

taken as 95%. Table 6.10 present the ANOVA results for response characteristics (weight loss) 

of EWAC-xCr3C2 composite clads. 

Table 6.10: ANOVA results for cumulative weight loss of EWAC-xCr3C2 - Taguchi L9 array 

analysis 

EWAC 
+ 

10Cr3C2 

Source DF Seq SS 
Adj  
SS 

Adj 
MS 

F P 
Percentage 

Contribution 
SOD 
(mm) 

2 76.549 76.5489 38.2744 196.84 0.005 64.19 

AMP 
(µm) 

2 34.042 34.0422 17.0211 87.54 0.011 28.55 

IMD 
(mm) 

2 8.276 8.2756 4.1378 21.28 0.045 6.94 

Residual 
Error 

2 0.389 0.3889 0.1944   0.33 

Total 8 119.256      

EWAC 
+ 

20Cr3C2 

SOD 
(mm) 

2 13.58 13.58 6.79 107.21 0.009 48.88 

AMP 
(µm) 

2 11.2267 11.2267 5.61333 88.63 0.011 40.41 

IMD 
(mm) 

2 2.8467 2.8467 1.42333 22.47 0.043 10.25 

Residual 
Error 

2 0.1267 0.1267 0.06333   0.46 

Total 8 27.78      

EWAC 
+ 

30Cr3C2 

SOD 
(mm) 

2 12.86 12.86 6.43 148.38 0.007 57.72 

AMP 
(µm) 

2 7.0467 7.0467 3.52333 81.31 0.012 31.63 

IMD 
(mm) 

2 2.2867 2.2867 1.14333 26.38 0.037 10.26 

Residual 
Error 

2 0.0867 0.0867 0.04333   0.39 

Total 8 22.28      
 

From the ANOVA table, it has been observed that all of three test parameters are statistically 

and physically significant, as the p-value of all three test parameters is less than 0.05. Also, like 

substrate, the value of percentage influence of SOD on response is more as compare to AMP 

and IMD.  

 Further, delta statistics has been used to examine the results (Table 6.11). The procedure 

of the delta analysis has already been discussed in section 6.1.2. The higher delta value of SOD 



137 
 

confirms that the SOD has more effect on weight loss during cavitation erosion testing of 

developed composite clads, followed by AMP and IMD.  

Table 6.11: Response table for cumulative weight loss in EWAC-xCr3C2 

EWAC 

+ 

10Cr3C2 

Level SOD (mm) AMP (µm) IMD (mm) 

1 14.033 8.367 11.533 
2 10.8 10.267 10.933 
3 6.9 13.1 9.267 

Delta 7.133 4.733 2.267 
Rank 1 2 3 

EWAC 
+ 

20Cr3C2 

1 7.333 4.567 6.533 
2 6.033 5.833 6 
3 4.333 7.3 5.167 

Delta 3 2.733 1.367 
Rank 1 2 3 

EWAC 
+ 

30Cr3C2 

1 6.533 4.133 5.8 
2 5.433 5.167 5.233 
3 3.633 6.3 4.567 

Delta 2.9 2.167 1.233 
Rank 1 2 3 

 

To set up the relation between weight loss and test parameters, the mathematical modelling of 

the cumulative weight loss has been done; the linear regression equations have been developed 

by regression analysis at 95% confidence level. The obtained ANOVA results of regression 

analysis are presented in Table 6.12.  

Table 6.12: ANOVA results for cumulative weight loss of EWAC- xCr3C2-Regression 

analysis 

EWAC 

+ 

10Cr3C2 

Source DF 
Adj  
SS 

Adj  
MS 

F P 
Percentage 

Contribution 
SOD (mm) 1 76.327 76.3267 236.22 0 64.00 
AMP (µm) 1 33.607 33.6067 104.01 0 28.18 
IMD (mm) 1 7.707 7.7067 23.85 0.005 6.46 

Residual Error 5 1.616 0.3231   1.36 
Total 8 119.256     

EWAC 
+ 

20Cr3C2 

SOD (mm) 1 13.5 13.5 248.47 0 48.60 
AMP (µm) 1 11.2067 11.2067 206.26 0 40.34 
IMD (mm) 1 2.8017 2.8017 51.56 0.001 10.09 

Residual Error 5 0.2717 0.0543   0.98 
Total 8 27.78     

EWAC 
+ 

30Cr3C2 

SOD (mm) 1 12.615 12.615 184.61 0 56.62 
AMP (µm) 1 7.0417 7.0417 103.05 0 31.61 
IMD (mm) 1 2.2817 2.2817 33.39 0.002 10.24 

Residual Error 5 0.3417 0.0683   1.53 
Total 8 22.28     
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According to the analysis, the most important parameter with respect to weight loss during 

cavitation erosion testing is SOD, followed by AMP and IMD.    

 Using the least square method in Minitab 17.0, the following Equations (6.2-6.4) were 

developed for cumulative weight loss as a response variable. The summary of the prepared 

mathematical model is tabulated in Table 6.13. The developed model has R2 (predicted) value 

more than 95% for all compositions. This indicates that the developed model can predict more 

than 95 % accurate results in future. 

EWAC-10Cr3C2 

 6.2 
 

EWAC-20Cr3C2 

 6.3 
 

EWAC-30Cr3C2 

 6.4 

 

Table 6.13: Regression model summary for cumulative weight loss of EWAC-xCr3C2 

composite clads 

Model Summary 

Composition S R-Sq R-Sq(Adj) R-Sq(Pred) 
EWAC-10Cr3C2 0.568429 98.65% 97.83% 95.92% 
EWAC-20Cr3C2 0.233095 99.02% 98.44% 96.93% 
EWAC-30Cr3C2 0.261406 98.47% 97.55% 95.50% 

 

The predication modelling details are summarized in Table 6.14.  

Table 6.14: Predicted values for cumulative weight loss of EWAC-xCr3C2 composite clads 

Prediction Model  Summary 

Variable Input (SOD-0.5 mm, AMP-60 µm, IMD-80 mm) 
Composition Fit SE Fit 95% CI 95% PI 

EWAC-10Cr3C2 17.6444 0.444361 (16.5022,18.7867) (15.7898,19.4991) 
EWAC-20Cr3C2 9.45 0.182219 (8.98159, 9.91841) (8.68945, 10.2105) 
EWAC-30Cr3C2 8.35 0.204351 (7.82470, 8.87530) (7.49708, 9.20292) 

As per prediction calculations at the optimized experimental condition (SOD 0.5 mm, AMP 60 

µm and IMD 80 mm), the last column of the Table 6.14 shows the values of weight loss for 

different compositions. To validate the prediction results, confirmatory experiments were 

performed, and the results of the confirmatory experiments are presented in section 6.4. 



139 
 

6.1.5 Results of parametric study of cavitation erosion behaviour of EWAC-xWC10Co2Ni 

(where x= 10,20,30) % composite clad 

Similarly, the experimental cavitation erosion testing was conducted, according to Taguchi L9 

design plan, for EWAC-xWC10Co2Ni composite clad to assess the effect of cavitation erosion 

and indirect method parameters SOD, AMP, and IMD on the CWL. Table 6.15-6.17 illustrates 

the experimental results of the CWL, CVL, CER, MDE, MDER and IBT. It has been observed 

that the maximum weight loss has occurred at test parameters set-3, which is 6.2 mg, 4.2 mg 

and 3.2 mg for EWAC-10WC10Co2Ni, EWAC-20WC10Co2Ni and EWAC-30WC10Co2Ni, 

respectively. The mean erosion rate at these particular experimental conditions is 0.37 µm/h, 

0.27 µm/h and 0.22 µm/h for EWAC-10WC10Co2Ni, EWAC-20WC10Co2Ni and EWAC-

30WC10Co2Ni, respectively.  

Table 6.15: Cavitation erosion study results for EWAC-10WC10Co2Ni 

Run 
Order 

SOD 
(mm) 

AMP 
(µm) 

IMD 
(mm) 

CWL 
(mg) 

CVL 
(mm3) 

CER 
(mg/h) 

MDE 
(µm) 

MDER 
(µm/h) 

IBT 
(min) 

1 0.5 40 80 5.1 0.5 0.57 2.8 0.31 212.85 
2 0.5 50 100 5.5 0.6 0.61 3.0 0.33 187.98 
3 0.5 60 120 6.2 0.6 0.69 3.4 0.37 156.16 
4 1 40 100 3.5 0.4 0.39 1.9 0.21 540 
5 1 50 120 4.1 0.4 0.46 2.2 0.25 374.42 
6 1 60 80 5.9 0.6 0.66 3.2 0.36 169.51 
7 1.5 40 120 1.5 0.2 0.17 0.8 0.09 540 
8 1.5 50 80 3.6 0.4 0.40 2.0 0.22 540 
9 1.5 60 100 4.2 0.4 0.47 2.3 0.25 328.97 

 

Table 6.16: Cavitation erosion study results for EWAC-20WC10Co2Ni 

Run 
Order 

SOD 
(mm) 

AMP 
(µm) 

IMD 
(mm) 

CWL 
(mg) 

CVL 
(mm3) 

CER 
(mg/h) 

MDE 
(µm) 

MDER 
(µm/h) 

IBT 
(min) 

1 0.5 40 80 3.5 0.3 0.39 2.0 0.23 540 
2 0.5 50 100 3.6 0.3 0.40 2.1 0.23 540 
3 0.5 60 120 4.2 0.4 0.47 2.4 0.27 360.98 
4 1 40 100 2.6 0.3 0.29 1.5 0.17 540 
5 1 50 120 2.8 0.3 0.31 1.6 0.18 540 
6 1 60 80 4 0.4 0.44 2.3 0.26 539.98 
7 1.5 40 120 1.4 0.1 0.16 0.8 0.09 540 
8 1.5 50 80 2.6 0.3 0.29 1.5 0.17 540 
9 1.5 60 100 2.8 0.3 0.31 1.6 0.18 540 
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Table 6.17: Cavitation erosion study results for EWAC-30WC10Co2Ni 

Run 

Order 

SOD 

(mm) 

AMP 

(µm) 

IMD 

(mm) 

CWL 

(mg) 

CVL 

(mm3) 

CER 

(mg/h) 

MDE 

(µm) 

MDER 

(µm/h) 

IBT 

(min) 

1 0.5 40 80 2.7 0.2 0.30 1.7 0.19 540 
2 0.5 50 100 2.8 0.3 0.31 1.7 0.19 540 
3 0.5 60 120 3.2 0.3 0.36 2.0 0.22 540 
4 1 40 100 2.1 0.2 0.23 1.3 0.14 540 
5 1 50 120 2.2 0.2 0.24 1.4 0.15 540 
6 1 60 80 3.1 0.3 0.34 1.9 0.21 540 
7 1.5 40 120 1.1 0.1 0.12 0.7 0.08 540 
8 1.5 50 80 1.8 0.2 0.20 1.1 0.12 540 
9 1.5 60 100 2 0.2 0.22 1.2 0.14 540 

 
The weight loss of EWAC-xWC10Co2Ni composite clads as a function of time is shown in 

Figures 6.9-6.11.  

 
Figure 6.9: Line plot showing weight loss as the function of time for cavitation erosion wear 

of EWAC-10WC10Co2Ni specimens at different parameters 
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Figure 6.10: Line plot showing weight loss as the function of time for cavitation erosion wear 

of EWAC-20WC10Co2Ni specimens at different parameters 

 
Figure 6.11: Line plot showing weight loss as the function of time for cavitation erosion wear 

of EWAC-30WC10Co2Ni specimens at different parameters 

It is observed that EWAC based and xWC10Co2Ni reinforced composite clads perform better 

than SS 316 substrate surface at all set of experiments. The weight loss due to cavitation erosion 

wear is continuously decreased by increasing the concentration of reinforcement into matrix. 

The least weight loss is observed in highest concentration (EWAC-30WC10Co2Ni). In 



142 
 

EWAC-30WC10Co2Ni composite clad surface, the incubation period has not noticed even 

after 540 min of testing for all set of experimentation parameters (Table 6.17). However, the 

percentage change in weight loss goes on decreasing by increasing weight percentage of 

reinforcement into matrix (Table 6.18). 

Table 6.18: Percentage change in cumulative weight loss of developed                          

EWAC- xWC10Co2Ni clads 

Materials Weight loss (mg) 
%age change in weight 

loss 
SS 316 40.9 - 

EWAC-10WC10Co2Ni 6.2 84.84 
EWAC-20 WC10Co2Ni 4.2 89.73 
EWAC-30 WC10Co2Ni 3.2 92.17 

  
The addition of WC10Co2Ni up to 10% into EWAC matrix results in a significant reduction 

in weight loss due to increased hardness and toughness. The reinforcement particles coupled 

directly with microwave irradiation might also advance the atomic diffusion rate from 

substrate. This tends to reduce the stacking fault energy[157]  and helps to increase cavitation 

erosion resistance of MMC. However, a very less percentage change in weight loss is observed 

when the concentration of reinforcement increases (up to 20% and 30%), despite of significant 

increase in hardness. This might be due to increased porosity with an increase in weight 

percentage of reinforcement[184]. The stress concentration around the pore sites reduces the 

strength, and pores become preferential sites for cavitation erosion wear. The cavitation erosion 

wear can be combat with a combination of hardness and toughness, and an increase in hardness 

adversely affect the toughness; therefore, the clads with the highest concentration (30%) 

experience marginal weight loss than the lower concentration (20%), despite of much higher 

hardness.  

6.1.6 Results of statistical analysis of cavitation erosion behaviour of EWAC-

xWC10Co2Ni composite clads 

The graphical effects of all three test parameters are shown in Figures 6.12-6.14. It can be seen 

that increasing SOD and IMD reduces weight loss significantly, whereas increasing AMP 

causes an abrupt increase in weight loss.  
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Figure 6.12: Main effect plots for cumulative weight loss of EWAC-10WC10Co2Ni 

 

 

Figure 6.13:  Main effect plots for cumulative weight loss of EWAC-20WC10Co2Ni 
 

 

Figure 6.14: Main effect plots for cumulative weight loss of EWAC-30WC10Co2Ni 
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The obtained ANOVA results (Table 6.19) for CWL showed that SOD has maximum 

contribution in weight loss; followed by AMP and IMD of all the developed EWAC-

xWc10Co2Ni composite clads.  

Table 6.19: ANOVA results for cumulative weight loss of EWAC-xWC10Co2Ni -Taguchi 

L9 array analysis  

EWAC 

+ 

10WC-

based 

Source DF 
Seq  
SS 

Adj  
SS 

Adj 
MS 

F P 
Percentage 

Contribution 
SOD 
(mm) 

2 9.42 9.42 4.71 201.86 0.005 54.83 

AMP 
(µm) 

2 6.4067 6.40667 3.20333 137.29 0.007 37.29 

IMD 
(mm) 

2 1.3067 1.30667 0.65333 28 0.034 7.61 

Residual 
Error 

2 0.0467 0.04667 0.02333   0.27 

Total 8 17.18      

EWAC 
+ 

20WC- 
based 

SOD 
(mm) 

2 3.40222 3.40222 1.70111 117.77 0.008 56.87 

AMP 
(µm) 

2 2.05556 2.05556 1.02778 71.15 0.014 34.36 

IMD 
(mm) 

2 0.49556 0.49556 0.24778 17.15 0.049 8.28 

Residual 
Error 

2 0.02889 0.02889 0.01444   0.49 

Total 8 5.98222      

EWAC 
+ 

30WC- 
based 

SOD 
(mm) 

2 2.48667 2.48667 1.24333 373 0.003 67.57 

AMP 
(µm) 

2 0.98 0.98 0.49 147 0.007 26.63 

IMD 
(mm) 

2 0.20667 0.20667 0.10333 31 0.031 5.62 

Residual 
Error 

2 0.00667 0.00667 0.00333   0.18 

Total 8 3.68      
 

Table 6.20 shows response table for the weight loss values of EWAC-xWc10Co2Ni composite 

clads surface. It helps to monitor the effect of control factors with the help of delta statistics. 

This delta statistic helps to collect more data. The weight loss of surface is most influenced by 

the factor having the highest delta value. It is clear that, like substrate and EWAC-xCr3C2 

composite clads, SOD is the most influential factor followed by AMP and IMD. 
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Table 6.20: Response table for cumulative weight loss in EWAC-xWC10Co2Ni composite 

clads 

EWAC 

+ 

10WC10Co2Ni 

Level SOD (mm) AMP (µm) IMD (mm) 

1 5.6 3.367 4.867 
2 4.5 4.4 4.4 
3 3.1 5.433 3.933 

Delta 2.5 2.067 0.933 
Rank 1 2 3 

EWAC 
+ 

20WC10Co2Ni 

1 3.767 2.5 3.367 
2 3.133 3 3 
3 2.267 3.667 2.8 

Delta 1.5 1.167 0.567 
Rank 1 2 3 

EWAC 
+ 

30WC10Co2Ni 

1 2.9 1.967 2.533 
2 2.467 2.267 2.3 
3 1.633 2.767 2.167 

Delta 1.267 0.8 0.367 
Rank 1 2 3 

 
To establish the relationship between weight loss and test parameters, mathematical modelling 

of CWL was performed; linear regression was developed using regression analysis at a 95% 

confidence level. Table 6.21 present the ANOVA results of the regression analysis.  

Table 6.21: ANOVA results for cumulative weight loss of EWAC-xWC10Co2Ni - 
Regression analysis 

EWAC 
+ 

10WC10Co2Ni 

Source DF 
Adj  
SS 

Adj 
MS 

F P 
Percentage 

Contribution 
SOD (mm) 1 9.375 9.375 511.36 0 54.57 
AMP (µm) 1 6.4067 6.40667 349.45 0 37.29 
IMD (mm) 1 1.3067 1.30667 71.27 0  7.61 
Residual 

Error 
5 0.0917 0.01833    0.53 

Total 8 17.18     

EWAC 
+ 

20WC10Co2Ni 

SOD (mm) 1 3.375 3.375 201.16 0 56.42 
AMP (µm) 1 2.04167 2.04167 121.69 0 34.13 
IMD (mm) 1 0.48167 0.48167 28.71 0.003  8.05 
Residual 

Error 
5 0.08389 0.01678    1.40 

Total 8 5.98222     

EWAC 
+ 

30WC10Co2Ni 

SOD (mm) 1 2.4067 2.40667 107.76 0 65.40 
AMP (µm) 1 0.96 0.96 42.99 0.001 26.09 
IMD (mm) 1 0.2017 0.20167 9.03 0.03  5.48 
Residual 

Error 
5 0.1117 0.02233    3.03 

Total 8 3.68     
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SOD is the most influencing parameter in terms of weight loss during cavitation erosion testing, 

according to the analysis, followed by AMP and IMD. The following equations (6.5-6.7) were 

developed using same method as discussed in section 6.1.4, for CWL as a response variable.  

EWAC-10WC10Co2Ni 

 6.5 
 

EWAC-20WC10Co2Ni 

 6.6 
 

EWAC-30WC10Co2Ni 

 6.7 

Table 6.22 contains a summary of the prepared mathematical model. The significant R2 

(predicted) values (greater than 90 %) show that the developed model is capable to predict 

result in future with good accuracy (more than 90 %).  

Table 6.22: Regression model summary for cumulative weight loss of EWAC-xWC10Co2Ni 

Model Summary 

Composition S R-Sq R-Sq (Adj) R-Sq (Pred) 
EWAC-

10WC10Co2Ni 
0.135401 99.47% 99.15% 98.34% 

EWAC-
20WC10Co2Ni 

0.129529 98.60% 97.76% 96.18% 

EWAC-
30WC10Co2Ni 

0.149443 96.97% 95.14% 91.98% 

 
Table 6.23 summarises the details of the prediction modelling. At optimized experimental 

conditions, the prediction of weight loss values, for validation through confirmatory 

experiments, can be seen from the last column of table. 

Table 6.23: Predicted values for cumulative weight loss of EWAC-xWC10Co2Ni composite 

clads 

Prediction Model  Summary 

Variable Input (SOD-0.5 mm, AMP-60 µm, IMD-80 mm) 
Composition Fit SE Fit 95% CI 95% PI 

EWAC-
10WC10Co2Ni 

7.15 0.105848 (6.87791, 7.42209) (6.70821, 7.59179) 

EWAC-
20WC10Co2Ni 

4.67222 0.101258 (4.41193, 4.93251) (4.24959, 5.09485) 

EWAC-
30WC10Co2Ni 

3.55 0.116825 (3.24969, 3.85031) (3.06239, 4.03761) 
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6.1.7 Results of parametric study of cavitation erosion behaviour of EWAC-xAl2O3 

 (where x= 5,10,15) % composite clad 

The cavitation erosion testing to investigate the effect of cavitation erosion parameters for 

EWAC-xAl2O3 composite clads was conducted in the same manner mentioned above. Tables 

6.24-6.26 illustrate the experimental results of the CWL. Other terms such as CVL, CER, 

MDE, MDER and IBT have also been calculated.  

Table 6.24: Cavitation erosion study results for EWAC-5Al2O3 

Run 
Order 

SOD 
(mm) 

AMP 
(µm) 

IMD 
(mm) 

CWL 
(mg) 

CVL 
(mm3) 

CER 
(mg/h) 

MDE 
(µm) 

MDER 
(µm/h) 

IBT 
(min) 

1 0.5 40 80 8.4 1.0 0.93 4.1 0.46 152.94 
2 0.5 50 100 8.9 1.0 0.99 4.4 0.49 144.48 
3 0.5 60 120 9.9 1.1 1.10 4.9 0.54 120.02 
4 1 40 100 6.2 0.7 0.69 3.1 0.34 223.40 
5 1 50 120 6.5 0.7 0.72 3.2 0.36 194.20 
6 1 60 80 9.7 1.1 1.08 4.8 0.53 126.72 
7 1.5 40 120 2.5 0.3 0.28 1.2 0.14 540 
8 1.5 50 80 6 0.7 0.67 3.0 0.33 210.29 
9 1.5 60 100 6.6 0.8 0.73 3.2 0.36 179.75 

  

Table 6.25: Cavitation erosion study results for EWAC-10Al2O3 

Run 
Order 

SOD 
(mm) 

AMP 
(µm) 

IMD 
(mm) 

CWL 
(mg) 

CVL 
(mm3) 

CER 
(mg/h) 

MDE 
(µm) 

MDER 
(µm/h) 

IBT 
(min) 

1 0.5 40 80 4.9 0.6 0.54 2.3 0.26 300.26 
2 0.5 50 100 5 0.6 0.56 2.4 0.26 258.20 
3 0.5 60 120 5.8 0.7 0.64 2.8 0.31 180.30 
4 1 40 100 3.8 0.5 0.42 1.8 0.20 540 
5 1 50 120 4 0.5 0.44 1.9 0.21 539.64 
6 1 60 80 5.6 0.7 0.62 2.7 0.30 198.22 
7 1.5 40 120 2 0.2 0.22 1.0 0.11 540 
8 1.5 50 80 3.3 0.4 0.37 1.6 0.17 540 
9 1.5 60 100 3.6 0.4 0.40 1.7 0.19 540 

 

Table 6.26: Cavitation erosion study results for EWAC-15Al2O3 

Run 
Order 

SOD 
(mm) 

AMP 
(µm) 

IMD 
(mm) 

CWL 
(mg) 

CVL 
(mm3) 

CER 
(mg/h) 

MDE 
(µm) 

MDER 
(µm/h) 

IBT 
(min) 

1 0.5 40 80 4.2 0.5 0.47 1.9 0.22 487.34 
2 0.5 50 100 4.5 0.5 0.50 2.1 0.23 410.17 
3 0.5 60 120 5 0.6 0.56 2.3 0.26 260.76 
4 1 40 100 3 0.4 0.33 1.4 0.15 540 
5 1 50 120 3.1 0.4 0.34 1.4 0.16 540 
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6 1 60 80 4.5 0.5 0.50 2.1 0.23 388.96 
7 1.5 40 120 1.3 0.2 0.14 0.6 0.07 540 
8 1.5 50 80 2.4 0.3 0.27 1.1 0.12 540 
9 1.5 60 100 3.2 0.4 0.36 1.5 0.17 540 

 
From the experimental results, it has been observed that, in this case also, the maximum weight 

loss has recorded at same test parameters set-3. The maximum recorded cumulative weight loss 

at this parameter was 9.9 mg, 5.8 mg and 5 mg for EWAC-5Al2O3, EWAC-10Al2O3 and 

EWAC-15Al2O3, respectively.  

 The cumulative weight loss of EWAC-xAl2O3 composite clads as a function of time is 

shown in Figures 6.15-6.17. The performance of Al2O3 reinforced and EWAC based composite 

clads at all set of parameters was better than substrate specimens. The increase in weight 

percentage of hard reinforcement into matrix results into continuous decrease of weight loss. 

However, the change in weight loss was not significant, when weight percentage of 

reinforcement was increased from 10% to 15%.  

 

Figure 6.15: Line plot showing weight loss as the function of time for cavitation erosion wear 
of EWAC-5Al2O3 specimens at different parameters 
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Figure 6.16: Line plot showing weight loss as the function of time for cavitation erosion wear 
of EWAC-10Al2O3 specimens at different parameters 

 

 
Figure 6.17: Line plot showing weight loss as the function of time for cavitation erosion wear 

of EWAC-15Al2O3 specimens at different parameters 

This is observed from Figures 6.15-6.17 that the Al2O3 reinforced composite clads behave 

almost similar to Cr3C2 and WC10Co2Ni reinforced composite clads. The experimental 

parameter sets 1,2,3 and 6 were found more significant and experimental parameter set 7 was 
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found least significant for weight loss in all the Al2O3 reinforced composite clads. The 

significant less porosity, higher flexural strength and higher hardness helps the developed 

composite clads to resist cavitation erosion wear. The developed EWAC-xAl2O3 composite 

clads show 4.17, 7.05 and 8.18 times lesser weight loss for EWAC-5Al2O3, EWAC-10Al2O3 

and EWAC-15Al2O3, respectively, as compared to substrate at same experimental conditions.    

6.1.8 Results of statistical analysis of cavitation erosion behaviour of EWAC-xAl2O3 

 composite clads 

The mean effect plots for means of all the three test parameters for EWAC-xAl2O3 composite 

clads, shown in figures 6.18-6.20, show that increase in SOD and IMD inversely affects the 

 
Figure 6.18: Main effect plots for cumulative weight loss of EWAC-5Al2O3 

 

 
Figure 6.19: Main effect plots for cumulative weight loss of EWAC-10Al2O3 
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Figure 6.20: Main effect plots for cumulative weight loss of EWAC-15Al2O3 

weight loss. Whereas, increase in AMP directly affects the weight loss and weight loss 

increases with increase in AMP for all the developed composite clads.  

 Table 6.27 indicates that SOD is most significant and IMD is least significant factor for 

Al2O3 reinforced composite clads, similar to substrate, Cr3C2 and WC10Co2Ni reinforced 

composite clads. The contribution of SOD in all the developed Al2O3 reinforced composite 

clads is more than 50%.  

Table 6.27: ANOVA results for cumulative weight loss of EWAC-xAl2O3- Taguchi L9 array 
analysis  

EWAC 
+ 

5Al2O3 

Source DF Seq SS 
Adj  
SS 

Adj 
MS 

F P 
Percentage 

Contribution 
SOD 
(mm) 

2 24.7489 24.7489 12.3744 146.54 0.007 57.22 

AMP 
(µm) 

2 13.8156 13.8156 6.9078 81.8 0.012 31.94 

IMD 
(mm) 

2 4.5156 4.5156 2.2578 26.74 0.036 10.45 

Residual 
Error 

2 0.1689 0.1689 0.0844    0.39 

Total 8 43.2489      

EWAC 
+ 

10Al2O3 

SOD 
(mm) 

2 7.9756 7.97556 3.98778 276.08 0.004 67.27 

AMP 
(µm) 

2 3.1489 3.14889 1.57444 109 0.009 26.56 

IMD 
(mm) 

2 0.7022 0.70222 0.35111 24.31 0.04  5.92 

Residual 
Error 

2 0.0289 0.02889 0.01444    0.25 

Total 8 11.8556      
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 



152 
 

 
EWAC 

+ 
15Al2O3 

SOD 
(mm) 

 
2 

 
7.7267 

 
7.72667 

 
3.86333 

 
1159 

 
0.001 

 
68.50 

AMP 
(µm) 

2 3.02 3.02 1.51 453 0.002 26.77 

IMD 
(mm) 

2 0.5267 0.52667 0.26333 79 0.013 4.67 

Residual 
Error 

2 0.0067 0.00667 0.00333   0.06 

Total 8 11.28      
 

The delta statistics values of Al2O3 reinforced composite clads are shown in Table 6.28. This 

shows that SOD is the most influential factor followed by AMP and IMD.   

Table 6.28: Response table for cumulative weight loss in EWAC-xAl2O3 composite clads 

EWAC 

+ 

5Al2O3 

Level SOD (mm) AMP (µm) IMD (mm) 

1 9.067 5.7 8.033 
2 7.467 7.133 7.233 
3 5.033 8.733 6.3 

Delta 4.033 3.033 1.733 
Rank 1 2 3 

EWAC 
+ 

10Al2O3 

1 5.233 3.567 4.6 
2 4.467 4.1 4.133 
3 2.967 5 3.933 

Delta 2.267 1.433 0.667 
Rank 1 2 3 

EWAC 
+ 

15Al2O3 

1 4.567 2.833 3.7 
2 3.533 3.333 3.567 
3 2.3 4.233 3.133 

Delta 2.267 1.4 0.567 
Rank 1 2 3 

   
The mathematical modelling helps to relate the weight loss with test parameters. The results of 

linear regression at 95% confidence level are presented in Table 6.29. The analysis shows that, 

in this case also, SOD is the most influencing parameter in terms of weight loss during 

cavitation erosion testing followed by AMP and IMD. 

Table 6.29: ANOVA results for cumulative weight loss of EWAC-xAl2O3- Regression 

analysis  

EWAC 

+ 

5Al2O3 

Source DF Adj SS Adj MS F P 
Percentage 

Contribution 

SOD (mm) 1 24.4017 24.4017 226.41 0 56.42 
AMP (µm) 1 13.8017 13.8017 128.06 0 31.91 
IMD (mm) 1 4.5067 4.5067 41.81 0.001 10.42 

Residual Error 5 0.5389 0.1078   1.25 
Total 8 43.2489     
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EWAC 
+ 

10Al2O3 

SOD (mm) 1 7.7067 7.70667 96.2 0 65.00 
AMP (µm) 1 3.0817 3.08167 38.47 0.002 25.99 
IMD (mm) 1 0.6667 0.66667 8.32 0.034 5.62 

Residual Error 5 0.4006 0.08011   3.38 
Total 8 11.8556     

EWAC 
+ 

15Al2O3 

SOD (mm) 1 7.7067 7.70667 254.07 0 68.32 
AMP (µm) 1 2.94 2.94 96.92 0 26.06 
IMD (mm) 1 0.4817 0.48167 15.88 0.01 4.27 

Residual Error 5 0.1517 0.03033   1.34 
Total 8 11.28     

The regression equations (6.8-6.10) were developed for cumulative weight loss as a response 

variable. These equations are helpful for calculating CWL for EWAC-xAl2O3 composite clads 

at different test parameter values of SOD, AMP and IMD. 

EWAC-5Al2O3 

 
6.8 

 
EWAC-10Al2O3 

 6.9 
 

EWAC-15Al2O3 

 6.10 

Table 6.30 presents a summary of the prepared mathematical model. The significant R2 

(predicted) values (greater than 90%) shows the viability of developed model. 

Table 6.30: Regression model summary for cumulative weight loss of EWAC-xAl2O3 

composite clads 

Model Summary 

Composition S R-Sq R-Sq(Adj) R-Sq(Pred) 
EWAC-5Al2O3 0.328295 98.75% 98.01% 96.34% 
EWAC-10Al2O3 0.283039 96.62% 94.59% 91.27% 
EWAC-15Al2O3 0.174165 98.66% 97.85% 96.39% 

 
Table 6.31 summarises the details of the prediction modelling. At optimized experimental 

conditions (SOD 0.5 mm, AMP 60 µm, and IMD 80 mm) the prediction of weight loss values 

can be seen from the last column of table. 

Table 6.31: Predicted values for cumulative weight loss of EWAC-xAl2O3 composite clads 

Prediction Model  Summary 
Variable Input (SOD-0.5 mm, AMP-60 µm, IMD-80 mm) 

Composition Fit SE Fit 95% CI 95% PI 
EWAC-5Al2O3 11.5889 0.25664 (10.9292, 12.2486) (10.5177, 12.6601) 

EWAC-10Al2O3 6.40556 0.221262 (5.83678, 6.97433) (5.48205, 7.32906) 
EWAC-15Al2O3 5.58333 0.136151 (5.23335, 5.93332) (5.01506, 6.15160) 
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6.2 Effect of Test Parameters on Cavitation Erosion Behaviour of Materials 

6.2.1 Effect of Stand-off Distance on cavitation erosion behaviour of materials  

The distance between the specimen surface and the ultrasonic horn is called stand-off distance. 

The effect of varying SOD on cavitation erosion behaviour of developed clads and as received 

SS-316 was examined by measuring the weight loss of all the specimen surfaces. In the 

currently adopted cavitation erosion testing method, the stream of vapour bubbles was 

generated by the ultrasonic vibration of horn. Further, these generated vapour bubbles were 

pushed towards the specimen surface by the shock wave produced by the horn. However, due 

to pressure differences, the vapour bubbles start collapsing, and the collapse of these bubbles 

creates micro jets, and those micro jets apply impact force on the specimen surface, which 

results in stress generation and removal of material [185]. In the present study, the maximum 

weight loss is occurred at 0.5 mm SOD followed by 1 mm and 1.5 mm at all levels of AMP 

and IMD. This could be due to the fact that energy of produced shockwave by ultrasonic horn 

is insufficient to direct the whole stream of formed vapour bubbles towards target surface. The 

bubbles escape from bubble stream without targeting the surface of specimen. Moreover, liquid 

jet that formed by bubbles, which explode near horn, losses kinetic energy due to travel more 

only by explosion of that bubbles which are able to reach near the surface and explodes there; 

and/or that bubbles which explode near horn but have sufficient kinetic energy to damage the 

surface permanently even after travelling more distance. Consequently, the exposed surfaces 

of clads and substrate specimen experience less damage which leads to lesser weight loss of all 

the surfaces at increased separation distance. Cladded surfaces have shown better CER (lesser 

weight loss) than SS- 316 at all test conditions. 

6.2.2 Effect of Amplitude on cavitation erosion behaviour of materials 

Vibration amplitude is an important parameter that directly affects the quantity of vapour 

bubbles (empty cavities) generation and the collapse pressure intensity. At low AMP, the 

cavities is low owing 

to smaller negative vibrating cycles of the horn. On the other hand, larger negative vibrating 

cycles lead to a higher growth size of cavities. Further, these cavities agglomerate with 

neighbouring vapour cavities and produce higher pressure intensity after the collapse. 

Therefore, very few high energy bubbles collapse near the specimen surface at lower AMP and 

result in a lesser damaged surface. It has been observed that at lower AMP, the weight loss is 

less for all the materials at all levels of SOD. This observation also helps to characterize the 
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ultrasonic system for diverse applications. For cleaning applications like optics, biological cell 

disruption, and jewellery, low AMP and high SOD can be used, and high AMP and low SOD 

can be suitable for applications like surface erosion, decontamination, and treatment of metallic 

and non-metallic surfaces.   

6.2.3 Effect of Immersion Depth on cavitation erosion behaviour of materials 

The weight loss of all the surfaces is affected by variation in horn immersion depth into distilled 

water (test liquid). It is clear from experimental results that an increase in horn IMD into test 

liquid decreases the weight loss of all the surfaces. The increase in IMD increases static fluid 

pressure. In the formation and growth of the cavitation bubble, static fluid pressure plays an 

important role. When the static pressure is high, the acoustic AMP needs to be more to induce 

sufficient negative pressure, which facilitates the vapour bubble growth and vice versa [186]. 

Thus, in the current study, high weight loss is recorded at low horn IMD comparable to high 

horn IMD. 

6.3 Fractographic Analysis of Worn Surfaces of Materials  

The cavitation erosion wear studies of worn surface have been carried out to find out the wear 

mechanism of Ni-based and microwave processed composite clads surface and as received 

substrate surface. The results of the material failure mechanism after cavitation erosion testing 

for 9 h were studied under SEM and are presented in this section. 

6.3.1 Fractographic analysis of worn surface of substrate specimens and developed 

 composite clads  

The surface topography of the substrate and developed composite clads, prior to cavitation 

erosion, is shown in Figure 6.21.  
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Figure 6.21: SEM micrographs showing the polished surface before cavitation erosion of

a) substrate b) EWAC-10Cr3C2 c) EWAC-20Cr3C2 d) EWAC-30Cr3C2

e) EWAC-10WC10Co2Ni f) EWAC-20WC10Co2Ni g) EWAC-30WC10Co2Ni 

h) EWAC-5Al2O3i) EWAC-10Al2O3 j) EWAC-15Al2O3

It shows that the surface is well polished and free of scratches prior to cavitation erosion testing. 

On the other hand, the eroded surface of substrate and developed composite clads tested at 

experimental parametric sets 3 and 5, and 7, respectively is shown in Figures 6.22-6.24. The 

maximum, moderate and minimum weight loss has been occurred at parameter sets 3, 5 and 7, 

respectively. Therefore, the surface morphologies of specimens subjected to these parameters 

are examined to find a plausible erosion mechanism. From the SEM images, it was observed 

that the damage to the surface occurred in the form of known mechanisms such as pits, craters, 

plastic deformation, lip formation, and impingement marks, etc.
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Figure 6.22: SEM micrographs showing the damaged surface morphology at experimental 

parameter no. 3 of  a) substrate b) EWAC-10Cr3C2 c) EWAC-20Cr3C2 d) EWAC-30Cr3C2

e) EWAC-10WC10Co2Ni f) EWAC-20WC10Co2Ni g) EWAC-30WC10Co2Ni

h) EWAC-5Al2O3 i) EWAC-10Al2O3 j) EWAC-15Al2O3

Figure 6.22 clearly shows that the collapse of vapor bubbles during 9-h cavitation erosion 

testing severely damages substrate and developed composite clads surface during experimental 

parameter 3. It is clear from SEM images that the surface got severely damage in the form of

large numbers of pits, craters, striations, micro-cracks and lips formation, plastic deformation, 

and secondary cracks. The presence of the features mentioned above confirms that damage to 

the surface is caused by heavy impact loading, resulting from impingement jets formed during 

the collapse of vapor bubbles. The reason behind severe damage to the surfaces is the formation 

of vapor bubbles at this parameter that are in large quantity due to the high AMP, and at smaller 

SOD collapse of these vapor bubbles are near the specimen surface without escaping from the 

bubbles stream and losing their significant kinetic energy. The collapse of these vapor bubbles 

near the surface leads to high impact loading, causing plastic deformation. When the impact 
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form of pits. As the testing continues, the impingement jets keep forming and attacking both 

the surface with their high impact energy and later, pits transformed into micro cracks and 

craters. 

Figure 6.23: SEM micrographs showing the damaged surface morphology at experimental 

parameter no. 5 of  a) substrate b) EWAC-10Cr3C2 c) EWAC-20Cr3C2 d) EWAC-30Cr3C2

e) EWAC-10WC10Co2Ni f) EWAC-20WC10Co2Ni g) EWAC-30WC10Co2Ni

h) EWAC-5Al2O3 i) EWAC-10Al2O3 j) EWAC-15Al2O3

Figure 6.23 shows that during experimental parameter 5, the severity of the surface damage is 

lesser than experimental parameter 3. Since the amplitude was less at this parameter set, that 

leads to less formation of vapor bubbles. The separation distance between the horn and 

specimen was also higher than the former parameter, leading to loss of the bubbles from the 

bubble stream because while traveling from horn tip to specimen surface, bubbles lose their 
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kinetic energy imparted by shock waves. Therefore, comparatively less bubbles contributed in 

the cavitation erosion mechanism, which causes lesser weight loss of all the surface. 

Figure 6.24: SEM micrographs showing the damaged surface morphology at experimental 

parameter no. 7 of  a) substrate b) EWAC-10Cr3C2 c) EWAC-20Cr3C2 d) EWAC-30Cr3C2

e) EWAC-10WC10Co2Ni f) EWAC-20WC10Co2Ni g) EWAC-30WC10Co2Ni 

h) EWAC-5Al2O3 i) EWAC-10Al2O3 j) EWAC-15Al2O3

From figure 6.24 it is observed that, during experimental parameter 7, the specimen surface 

was mainly damaged in the form of the crater, plastically deformed lips, cleavage fracture, and 

impingement marks. Since at experimental parameter 7, significantly less value of the weight 

loss is recorded for all the surfaces. Also, it is noticeable from that a major portion of developed 

clad surfaces remain unaffected; only a few pits, scratches, and impingements marks are 

present. The pits did not accumulate, which prevents the formation of crater and causes lesser 

weight loss in the developed clad surface. From the SEM images shown in Figure 6.24, it can 
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be said that it is a much earlier stage of material for cavitation erosion. During experimental 

parameter 7, the formed bubbles are very less in quantity due to the least AMP, and many vapor 

bubbles escaped from the bubble stream without targeting the surface, as they have lost their 

kinetic energy imparted by the acoustic horn as the SOD is highest (in this domain of study). 

Therefore, the surfaces are not severely damaged. The presence of impingement marks also 

confirms that insufficient impingement jets impact energy fails to cause permanent damage. 

This is observed that the least damage has occurred at experimental parameter 7 in all cases. 

Moreover, these marks are showing some directional patterns, which are the consequences of 

releasing shock wave energy due to high SOD in a particular manner. However, some zones of 

less severe plastic deformation are also observed in surface topography. 

6.4 Results of Confirmatory or Validatory Experiments 

The confirmatory experiments have been performed at optimized cavitation test parameters 

(0.5 mm SOD, 60 µm AMP, and 80 mm IMD). Pure EWAC clads have also been developed 

and tested for cavitation erosion wear, for better understanding. Three experiments (E1, E2 and 

E3) of each sample have been performed to check the repeatability (Table 6.32). The average 

values have been considered. The other terms such as CVL, CER, MDE, MDER and IBT have 

also been tabulated. The results of comparison of cumulative weight loss and incubation time 

of substrate, pure EWAC and all developed composite clads tested at optimized parameters 

have been presented graphically in Figure 6.25 and Figure 6.26, respectively.  

Table 6.32: Cavitation erosion study results of substrate and developed clad samples at 

optimized parameters 

Run 
Order 

Cumulative weight loss (mg) 
CVL 

(mm3) 
CER 

(mg/h) 
MDE 
(µm) 

MDER 
(µm/h) 

IBT 
(min) 

E1 E2 E3 Average 

Substrate 52.41 52.36 51.12 51.9±0.73 6.6 5.81 23.6 2.62 92.37 
EWAC 27.76 26.7 28.08 27.5±0.72 3.1 3.06 13.9 1.54 72.93 
EWAC 

+ 
10Cr3C2 

19.48 18.38 17.6 18.5±0.94 2.1 2.05 9.1 1.01 84.55 

EWAC 
+ 

20Cr3C2 
 

10.1 9.56 9.75 9.8±0.27 1.2 1.09 4.7 0.52 130.25 
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EWAC 
+ 

30Cr3C2 

 
7.59 

8.29 8.62 8.2±0.53 1.0 0.91 3.8 0.43 151.03 

EWAC 
+ 

10 WC-
based 

6.84 7.2 7.41 7.2±0.29 0.7 0.79 3.9 0.43 178.64 

EWAC 
+ 

20 WC-
based 

4.4 4.7 4.95 4.7±0.28 0.5 0.52 2.7 0.30 540 

EWAC 
+ 

30 WC-
based 

3.6 3.5 3.95 3.7±0.24 0.3 0.41 2.3 0.25 540 

EWAC 
+ 

5 Al2O3 
11.25 12.1 10.66 11.3±0.72 1.3 1.26 5.6 0.62 135.41 

EWAC 
+ 

10Al2O3 
6.2 6.7 7.2 6.7±0.50 0.8 0.74 3.2 0.35 279.70 

EWAC 
+ 

15Al2O3 
5.26 5.5 5.89 5.6±0.32 0.7 0.62 2.6 0.29 426.46 

 

 
Figure 6.25: Comparison of cumulative weight loss of substrate and developed clad samples 

at optimized parameters 
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Figure 6.26: Comparison of incubation time of substrate and developed clad samples at 

optimized parameters 

It has been observed that substrate experiences maximum weight loss. The result shows that 

the maximum weight loss of 52.82 mg has been observed in the substrate, which is within the 

range of the statistical predicted value of weight loss for the substrate at optimized parameters 

(Table 6.6). The weight loss of all developed composite clads is also in the statistically 

predicted range. However, the cumulative weight loss of pure EWAC clad after 540 min of 

testing is lessen than the substrate, but it has shortened incubation period than SS 316. This is 

because at initial stage the substrate resists cavitation erosion more efficiently than pure EWAC 

clad due to absence of any voids or pores. The reason behind the comparatively higher weight 

loss of pure EWAC clads than developed composite clads is attributed to the high stacking 

fault energy of the Ni element. This energy decreases the work hardenability during the 

cavitation phenomenon and results in a higher weight loss of pure EWAC clads. Further, 

addition of different reinforcements results in a significant reduction in weight loss due to 

increased hardness and fracture toughness. The reinforcement particles coupled directly with 

microwave irradiation might also advance the atomic diffusion rate from substrate. This tends 

to reduce the stacking fault energy [157] and helps to increase cavitation erosion resistance of 

MMC. The high hardness of MMC, owing to hard ceramic phases formed during microwave 

heating and results in overall high strength, resist the formation of pits and initiation of cracks 
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at earlier stages. At later stages, these hard ceramic phases hinder merging pits developed in 

the ductile matrix. The measured hardness of substrate was least in the present work, which 

fails to resist crack initiation and pits formation at earlier stages, and crack propagation and 

pits accumulation at later stages, which result in the highest weight loss. However, a very less 

percentage change in weight loss is observed when the concentration of reinforcement 

increases (up to 20% and 30% in case of Cr3C2 and WC10Co2Ni and up to 10% to 15% in case 

of Al2O3

porosity, except the Cr3C2 reinforced clads, with an increase in weight percentage of 

reinforcement. The stress concentration around the pore sites reduces the strength, and pores 

become preferential sites for cavitation erosion wear. The cavitation erosion wear can be 

combat with a combination of hardness and toughness, and an increase in hardness adversely 

affect the toughness; therefore, the clads with the highest concentration (30% and 15%) 

experience marginal weight loss than the lower concentration (20% and 10%), despite of much 

higher hardness. 
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CHAPTER 7 

CONCLUSIONS & OPPORTUNITIES FOR FUTURE WORK 

7.  

The development of wear resistant clad surfaces by using microwave radiation as a heating 

source on metallic substrate is a challenging task. It is owing to the reflection of microwaves 

by metals at room temperature. An extensive literature review indicates that claddings of metal 

matrix composites on metallic substrate by using microwave radiations provide a plausible 

solution by improving mechanical and tribological properties of tailored surfaces. However, 

the metal matrix composite (MMC) clads developed by using microwave radiations are not 

much explored for application in cavitation erosion environment. Hence, by using material of 

Ni-based matrix while Cr3C2, WC10Co2Ni and Al2O3 are reinforced materials for development 

of MMC clads have been developed on austenitic stainless steel (SS-316) substrate. The clads 

are developed by using 2.45 GHz frequency and 900 W power in a domestic microwave oven 

at optimized processing parameters. The developed clads have been characterized for 

metallurgical, mechanical and tribological aspects. The ANOVA analysis was carried out to 

investigate the combined effect of variation in cavitation erosion process parameters (stand-off 

distance, amplitude and immersion depth); that are involved in indirect vibratory cavitation 

erosion method. The major conclusions drawn from the current study, followed by 

opportunities for the future work in this area are indicated in the following sections.  

7.1 Conclusions 

7.1.1 Development of metal-ceramic based composite clads at optimized parameters using 

microwave heating 

The results showed that the use of microwave radiation of frequency 2.45 GHz at optimized 

parameters helps to efficiently develop the metal matrix composites clad. The major 

conclusions drawn from the current experimentation are as follow; 

1. The processing time required to develop the composite clads is directly influenced by the 

microwave power level. An increase in power level significantly decreases the required 

processing time. The minimum exposure microwave power 900 W (maximum capacity of 

used domestic microwave oven) is required to melt the powder material system and partial 

amount of substrate material to cause the dilution for development of metallurgical bonded 

clads.  
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2. The processing time required for the metallurgical bonded clads vary from 390 s to 590 s, 

for metallurgical characterization specimens of MMC clads. The least processing time of 

390 s for EWAC-30Cr3C2 and highest processing time of 590 s for EWAC-15Al2O3 was 

required. Similarly, for the same compositions, the processing time required for tribological 

characterization specimens was 700 s and 790 s; and for flexural studies specimens was 

1200 s and 1445 s. 

7.1.2 Metallurgical and mechanical characterization of the microwave processed clads 

The developed microwave processed Ni-based MMC clads of Cr3C2, WC10Co2Ni and Al2O3 

reinforced (in different weight percentage) were characterized by various metallurgical and 

mechanical characterization techniques. The major conclusions drawn from the results of 

different studies are as follows: 

1. The microstructural investigation revealed that the EWAC-10Cr3C2, EWAC-20Cr3C2, and 

EWAC-30Cr3C2 composite clads of approximately 720 µm, 750 µm and 600 µm thickness, 

respectively, were developed on SS-316 substrate through microwave hybrid heating 

technique in 430±10 s, 420±10 s and 390±10 s. 

2. The microstructural investigation revealed that a good metallurgical bonded composite 

clads of thickness 520 µm, 680 µm and 820 µm for EWAC-10WC10Co2Ni, EWAC-20 

WC10Co2Ni, and EWAC-30WC10Co2Ni, respectively, were developed in 450±10 s, 

430±10 s and 410±10 s. 

3. The microstructural investigation revealed that the clads of almost uniform thickness ~540 

µm, 970 µm and 1090 µm for EWAC-5Al2O3, EWAC-10Al2O3 and EWAC-15Al2O3 were 

successfully deposited in 530±10 s, 560±10 s and 590±10 s. 

4. The volumetric or uniform heating nature of the microwaves helps to achieve composite 

clads, that are almost free from all types of cracks (interfacial and solidification cracks), 

which is clear from smooth interface.  

5. The XRD analysis of the various microwave processed Ni-based and Cr3C2 reinforced 

composite clads reveals the formation of Cr2Ni3, Cr23C6, Cr7C3, CrSi, CrSi2, SiO2, NiC, 

SiC, Cr3Ni2SiC and FeNi3 which is due to the intense microwaves heating. Further, NIR 

analysis results reveals that the FeNi3 has highest contribution in EWAC-10Cr3C2 (53.63%) 

and EWAC-20Cr3C2 (38.74%) whereas, Cr2Ni3 (50.74%) is the main content that is present 

in the EWAC-30Cr3C2.  

6. The XRD analysis of the Ni-based and WC10Co2Ni reinforced composite clads revealed 

the presence of different phases such as NiCo2O4, Ni2W4C, Ni2Si, NiAl2O4, W2C, Ni3Si, 
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Cr3C2, and FeNi. The phase Ni2W4C (high intensity peaks) is observed as major phase. The 

NIR analysis results show that the phase Ni2W4C has contribution of 58.27%, 43.80% and 

38.65 % in EWAC-10WC10Co2Ni, EWAC-20WC10Co2Ni and EWAC-30WC10Co2Ni, 

respectively. 

7. The analyzed XRD results of Ni-based and Al2O3 reinforced composite clads confirm the 

following phases: Intermetallics (Ni3Si, FeNi3, and Fe7Ni3), Carbides (Fe5C2) and Oxides 

(Al2O3 and SiO2). The Al2O3 is dispersed in its original form in the matrix and detected as 

major phase. The NIR results confirm Al2O3 has contribution of 45.40%, 43.53% and 

39.19% in EWAC-5Al2O3, EWAC-10Al2O3 and EWAC-15Al2O3, respectively. 

8. The mean value of porosity for Ni based composite clads (MMC) was observed in range of 

0.9%-1.39%. These values are significantly less than other cladding/coating processes.  The 

presence of lower porosity levels was due to the uniform heating nature of microwave 

irradiations.  

9. The results of Vickers micro-hardness of microwave processed MMCs exhibit that EWAC-

30WC10Co2Ni exhibits highest average microhardness (925±57 HV), among all 

developed MMCs, which is almost 4.91 times higher than SS-316. The higher micro-

hardness values were exhibited due to the formation of various intermetallic and hard 

carbides during microwave heating.  

10. The presence of high strength carbides and intermetallics in the microwave processed 

MMCs also resulted in higher flexural strength of these MMCs. The highest average value 

of flexural strength of EWAC-15Al2O3 is observed as 854±16 MPa. Flexural strength study 

of developed specimens using fractographic analysis revealed that even after the substrate 

cracked, the top layer of clad still remained attached to it.  

7.1.3 Functional characterization of the microwave processed clads   

To check the tribological performance (cavitation erosion resistance) of the substrate and 

developed microwave processed composite clads, the parametric study using Taguchi L9 

orthogonal array was carried out. The key findings are discussed and it is as follows: 

1. The weight loss of stainless steel substrate and all developed clad surface was profoundly 

affected by varying all the three parameters AMP, IMD, and SOD. The increase in SOD 

and IMD leads to a decrease in weight loss, while an increase in the weight loss by 

increasing AMP was observed. 

2. The ANOVA analysis at 95% confidence level of all the three parameters of cavitation 

erosion testing reveals that the SOD is the most influential parameter with contribution in 
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the range of 68.50% - 48.88% while amplitude only contributes in the range of 40.41% -

26.56% in weight loss of substrate and developed clad surfaces. The immersion depth with 

the range of 10.44%- 4.67% contribution is the least influential parameter in this domain 

of the study. 

3. The reason for the lower weight loss at higher SOD is that, as SOD increases, the 

shockwave velocity decreases, resulting in a smaller pressure pulse, lower acoustic 

pressure, and lower impact energy of the impingement jets. As a result, both the material 

damage and the weight loss reduced at higher SOD. 

4. The larger weight loss was observed at the higher amplitude because higher amplitude 

generates larger negative cycles, causing the cavitation bubble to grow larger and collapse 

at higher pressure, causing severe damage to the material; hence, higher weight loss. 

5. The lower weight loss was recorded at the higher horn immersion depth because at this 

state the static fluid pressure increases. Higher static fluid pressure leads, higher acoustic 

amplitude to induce sufficient negative pressure, which facilitates the vapor bubble growth 

and vice versa.  

6. The parameter optimization was carried out using a delta statistics response table, with the 

optimization goal as higher is better. The 0.5 mm SOD, 60 µm amplitude, and 80 mm horn 

immersion depth are observed as optimal parameters. 

7. The regression equations for weight loss in SS-316 and all developed MMCs were 

developed. Following that, a prediction analysis was also performed at a 95% confidence 

level. The predicted results of weight loss, at the optimized parameters, were further 

utilized to compare with the confirmatory experiments. The results of confirmatory 

experiments show that the developed mathematical models are justified because the results 

of weight loss fall within the predicted intervals. 

8. All the developed clad surfaces performed very well against cavitation action as 

significantly less average cumulative weight loss was observed. The least cumulative 

weight loss (3.2 mg) was observed in EWAC-30WC10Co2Ni composite clad and it 

performed 12.78 times better than the substrate at the same parametric conditions. 

9. The fractographic analysis of the worn surfaces of SS-316 and developed composite clads 

specimens tested at parametric sets 3, 5, and 7. The SEM images revealed that the 

specimens tested at parametric set-3 had more severe damage than the other two sets. 
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7.1.4 Comparative study of the various materials and developed clads 

The comparison between the substrate and all developed MMCs on the basis of incubation time 

and cavitation erosion resistance (at optimized test parameters SOD = 0.5 mm, AMP = 60 µm 

and IMD = 80 mm) was carried out. The major conclusions of the study are listed below: 

1. The developed EWAC-30 WC10Co2Ni composite clad exhibits highest incubation period 

 

2. The EWAC-30WC10Co2Ni composite clad exhibits least cumulative weight loss (3.7 mg).  

The developed clad shows 14.27 times better CER than substrate. The reason attributed to 

the higher CER is the higher microhardness, good metallurgical bonding between clad and 

substrate, and almost cracks free & less porous surfaces of the microwave processed clads.  

7.2  Opportunities for Future Work 

Clads developed by using microwave radiations of frequency 2.45 GHz is recently explored 

and researchers have done the studies on the development and characterization of microwave 

processed clads of various substrate and powdered materials. However, still much scope is 

available in this growing technique to test the viability of the developed clads for different 

tribological environment. The various material systems which is well accepted by industries 

are not yet tested/processed through this technique. The following are some suggestive ideas 

drawn from the current work; and, can be studied in near future: 

1. The Clads can be developed by using a single mode applicator, and the results can be further 

compared to those obtained by using clads developed by multimode applicator.   

2. A possibility to use high power industrial microwave furnaces of high frequency can be 

used to develop clads for the complicated geometries and effect on the processing time can 

be observed. 

3. Mathematical model can be developed to establish a relationship between microwave 

processing parameters such as processing time, microwave power level, preheating 

temperature, quantity of susceptor and size of substrate for the given material.   

4. The vibratory cavitation erosion studies can be conducted on microwave processed 

functionally graded materials.  

5. The cavitation erosion testing of microwave processed clads in the different corrosive 

environments can be conducted.  
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APPENDIX-A

Figure A-1: Scanning Electron Microscopy (Make: Oxford Instruments, Model: JEOL 

8600M, Photo Courtesy: SAI Labs, TIET, Patiala)

Figure A-2: Optical Microscopy (Make: Radical Scientific Equipment, Model: RMM-8T, 

Photo Courtesy: Surface Engineering and Tribology Research Lab, Mechanical Engineering 

Department, TIET, Patiala)
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Figure A-3: X-Ray Diffractometer (XRD) (

Photo Courtesy: SAI Labs, Thapar Institute of Engineering & Technology) 
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Figure A-4: Vickers Micro-Hardness Tester (Make: Meta-Tech, Model: MVH1) Photo

Courtesy: A.M. Lab, Thapar Institute of Engineering & Technology)
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Figure A-5: Universal Testing Machine (Make: Zwick/Roell, Model: Z010,  Photo Courtesy: 

Chemical Engineering Department, Thapar Institute of Engineering & Technology) 
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Figure A-6: Cavitation Probe Sonicator (Make: Kamtronics Technology Pvt. Ltd., Model: 

Samkoon, Photo Courtesy: Surface Engineering and Tribology Research Lab, Mechanical 

Engineering Department, TIET, Patiala) 

 

Figure A-7: Low Speed Diamond Cutter (Make: DUCOM, Model: MS-10, Photo Courtesy: 

Surface Engineering and Tribology Research Lab, Mechanical Engineering Department, 

TIET, Patiala) 
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Figure A-8: Disc Polisher (Photo Courtesy: Surface Engineering and Tribology Research 

Lab, Mechanical Engineering Department, TIET, Patiala) 

 

 

 

 


